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REPORT No. 72.
PART 1.

WIND TUNNEL BALANCES.

BY EDWARDP. WAItNRRAND F. H. NORTON.

DESCRIPTION AND DISCUSSION OF THE BALANCE FOR THE ADVISORY COMMFI’TEE’S WIND
TUNNEL AT LANGLEY FIELD.

In desiguing a balanca.for the Langley Field wind tunnel, after careful consideration and
analysis of the various types which have been used at other laboratories, as well M of several
arrangements uot hitherto tried which were suggested, it was decided to udhere in general to
the type of Wance which has been used, substantially without change, for a number of years
by the National Physical Laboratory. There is no othm so simple to use, yet the accuracy
attainable is as great as with any of the more complicated types. The design was modified in
some respects to permit of the measurement of larger forces than those for Wl!ich the original
N: P. L. balaacm are suited; as well as to introduge certain changes which seemed likely to in~-
prove the convenience or accuracy of the work, In the description which follows particular .

attention will be paid to the details in which the balance differs from” its prototype, very full
descriptions of the lattm having been printed in many places.’ For the benefit of those ~rho
are not-f amiliar with the N. P. L. balance it may be briefly explained that its distinguishing ,
feature is the carrying of the whole balance on a single pivot, thus permitting it to-rock in two
planes. The model is mounted above the pivot with its Y axis vertical (i. e., “standing on the
wing tip”) and the lift and drag are measured simultamously by hanging weights on two arms
at right angles to each other and balancing the apparatus up in two planes at once; The lever-
age ratio in this balance, as in those in the N. P. L. 4-foot tumiels, is one-half, the distance from
the main pivot to the center of the model being 137 cm. (54 inches), while that from the pivot
to the scale-pan sockets at the ends of the weighing arms is 6&5 cm. (27 inches).

Assemblies and sections of the balance are given in P1atas I–IV, and photographs of the
completed instrument in Figs. 1 and 2. Figs. 3 to 10, inclusive, illustrate all the parts (except
ttbout 10 specirdIy made parts and suchMock hardware as machine screws and nuts) cmtering
into the construction of the balance. Each part is numbered in these illustrations, and fre-
quent reference will be made to them in discussing the working of various elements.

.

RIGID PARTS.

The frame is. essentially the same as in the original N’. P. L. balance, except that it is cast
in one piece instead of having the head which carries the moving part of the instrunmn t cast
separate and bolted on. Furthermore, where the British design has only one member projecting
from the frame head the Langley Field baluce has three, one passing into the movable portion
of the bakmce and carrying the socket-for the main pivot, the other two passing around the out-
side of the movable portion and a little more than half encircling it. A cashiron yoke is bolted
to the ends of these encircling membem, and the balance proper is then entirely Arrounded by
a ring, with just enough clearance to permit it to rock without danger of striking the frame.. .. . .. . . . .. . . . . . . . .

1Report ofBrftish Advfmy Caramitt6aforAoronautfos, 191!M8,pp. 61-M London.
5
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The object of thus encircling the ba&nce with the frame -was to provide a point of attach-
ment for the guide arms. In the N. P. L. instrument they pass through holes cut ~ the sides
of the moving portion ahd are bolted directly to the single frame lug which carries the main
pivot socket. Since the Langley Field balance was designed ta carry loads up to zo kg. on the ‘
model some stronger method of attachment for the guide arms was required, as well as one
which would permit of easier assembling and dismounting.

The guide arms are made of steel tub~, 25.4 mm. (1 inch) in outside diameter and with
5-mm. walls. They are pinned inti sockets at the end, and these sockets are bolted dimct.ly to
the frame or (in the case of the lift arm) h the yoke which coxmects to the frame and passes
around the balance. The worst at-rosain the guide arms occurs when there is no weight on the

—-—

weighing arms and the load ?n the model is at a matinum or -when the wind is suddenly stopped
with the weight in the scale+ans adjusted to balance a large load. With a load of 20 kg. acting
on the model the force applied eit the end of the guide arm is 40 kg., and the bending strees at the

.—

root of the arm is 1,475 kg. per square centimeter (21,000 pounds per square inch). The guide
arms carry cages which slide in dovetailed sIote and can be adjusted by screws through a vertical
range of about 6 mm. in order to facdit~t~ the prebinary lining up of the instrument with the
lower pivot engaged. Xne.tead of using a thread or wire as a reference line Qpiece of glass with
a hair line scribed on it is mounted in the side of each cage. The weighing arms are nickel .
plated, and the reference line carried by the cage is lined up with its own reflection in the weigh-
ing arm and with a similar line scribed on that mTR, thus avoiding any powibility of parallax
due to the considerable distance between the two arms.

The dashpot is nearly identicaI with that on the N. P. L. instrument. It was cast with LWO

passages, comecting opposite pairs of chambers, cored in the bottom, and R petcock cmnnmi
cates with each of those cored passages. Tliis insures that the damping liquid will always stand
at the same level in opposite chambers, but it iS sti possible to have it,at different levels in
adjacent chambers or to use liquids of Merent Vicotitiee if it is desired to damp the oscillations
in one plane more powerfuUy than those k..the other.

BRAKE AND LOWER PIVOT SOCKET.

The brake, a short distance above the dmhpo~, is of a Mwent type from that used by the
NT. P. L. as it was necessary to sme a Yew pow=fuI gtip, capable of resisting a large
torsional moment, on the 10WW @be, but without fiki.ng crusbg that thin-walled tube. The
brake used is identical in principle with a lathe collet and gives a ‘nniform pressure over virtuallY
the entire circumference of the tube.

A mechanism for raising ~d 10WIW@g the lower pivot so~et, causing engagement or release
of the pivot, is mounted underneath the dashpot. The parts are Wstrated and numbered in

fig. 6. The handle 1 is fastened ~ the CaRI 4 and the rotation of ttis handle through a quarter
turn raises the cam 3 by 10 mm. The adjusting screw 5 is screwed into 3 and transmits the
vwticaI movement to the pivot socket 7 t~cmgh the sleeve 6 and the spring 8; 7 risw fre~Y

until it comes in contact tith tie ~o~@: Flvot, and thereaft=, ss 3 and the attached parts
continue to rise, 8 iS compr~sed, ~CI’SaSq fie pr~~e be~een tie pivot and its socket.
When 3 has been raked to i~ maxim~ height the pr~we between the pivot and socket
can be adjusted by turning the SH~~ 5 m ~S cftrn 3, two turns of the screw being sufficient @ ‘
change the pressure from O to 20 kg. ~.e spring 9, much weaker than 8, is used to assist gra~tY ‘-
in throwing the socket out of engageme@ after the cam has been lowered. This device is very
much quicker and easier to opuak than the ~ual simple Sinew and spring, w~ it h= he great
akmtage of permitting an adjusti~tg~ pressure for Merent lateral forcw of the pivot ~ahst

.-

its socket and for clifferent.tmtal weights_@ be carried. The load can thus be distributed between
——_

the upper and lower pivots in any manner desired,
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MOYING PARTS OF BALANCE.

In order to reduce the weight ‘of the main pivot, @e upper and lower parts of the balance
were both cast of aluminum alloy fitead of bronze, as hds been the practice hitherto. Since
an aluminum to aluminum bearing at the-point where the pieces tauch would be undesirable, a
steel plate is screwed to the lower face of the upper part. This plate has teeth cut am~d i~
periphery, and these mesh with the teeth o: the pinion whose case is mounted on the clamping

~ (h be deacrjbed later). By rotating the pinion lmob the upper part of the biknce is turned
w~th reference to the lower part and the angle of incidence can thus be adjuztid very accuratdy.
The main baIance castings were proportioned for stiflness and for reasonable ease of construc-
tion, rather than “from the standpoint of strew The maximum bending stress in the lower
head is 29 kg. per square centimeter, giving a factor of safety of about 40, and that in the upper

. .

head is quite as large.
The force acting on the balance, and tending “to saparate the upper and lower heads on one

side while forcing them together on the other, is too great to permit the use of the T-slot
arrangement employed by the-N. P. L., sad the two pie- were therefore clamped together by

an alloy-steel ring threaded onto the lower part ?nd with a ffange turned inward and bearing
against the upper portion. This ring is one of the few parts of the balance which is probably
materially stronger and heavier than it needs to be. The stress in such a flange is Mlicult to
compute with accuracy because of uncertainty as @ the distribution of the pressure between
the surfaces, but it is &timated on the bmt assumptions avaihiblej as 700 kg. per square centi-
meter (10,000 pounds per squfie inch), giving a factor of safety of over 10. It would be safe b
reduce the maximum thiclmess of the clamping r~ and its flange to 3 mm. (three-sixteenths
inch), and the weight cmdd thus be reduc@ by about 500 gmi.

.—

The clamping ring covers up the portion of the upper head which normally bears the grad-
uated circle, and the graduations have thereforq been transferee to the horizontal portion of ,,

that head, just inside the inner edge of the clamping@ flange. Since this is too high fmm the
floor ta be convenient for direct observation, a prism is mounted on the clamping ring so that
the graduations can be read tith the eye on a lev~ ~th the plane dividing the two parts of the

.-

balance. A movable vernier is mounted at the same point and its graduations are also reflected
in the prism.

The weighing-arms, instead of being atflev~, as in previous balances of this type, are
trussed with tie-rods. The arms are made of stcel tubw 25.4 mm. (1 inch) in diameter, with
walls 1.5 mm. (0.06 inch) thick, and are tised *M rods 4.5 mm. in diametar, mahug an angle
of 120.5 with the arms themselves. The compressive strws in the arms under the maximum

load is 159 kg. per square mntirneti (2,260 pouds per square inch) and the tensile stress in
the tie-rods is 943. kg. per square centimeter (13,400 pounds per square inch). In order to carrY

--

the same load with solid arms act~~ w c~tiIevers they would have to be 24 mm. in diame~r,
or approximately the same as the outside diameter of the thin-wdlsd tub= now used. The
deflection with cantilever arms would be much grwkr than with trussed, and the weight would
beat least twice as great as the weight of the present arrangement.

Counterweights are provided for lift and drag. The lift counterweight is made flat on tip
so that more weight can be easily attached there. when large negative lifts have to be mesgwed,
by remo~ part of the weight placed in the s~epan ta brdarme the counterweight. S&e
negative drags never OCCW,the same necessity of adding weight does not arise for, the &ag

. . .

counterwei@. ,,, ,.

The main pivot is carried in a r@bed plate east df ~utium aUOy and &ed &ide the lower
part of the balance. T%is plate carria, in addition b the main pivot, @o pivots and two

knife-edges, mrang@ ar+und. the circru@erence of & circle. All five pivots and ~if~edg=
lie on the same level. The balance frame c=i~, ~ addition to the mab pivot socket, a pivot
socket and a knife-edge socket in lige with the hf~ ~ and a little lower than the main socket..
When it is desired to measure drag alone the m~ pivot is lowered with a special wrench in-
serted through a slot cut in the slide of the balance, ~d the balance is dropped untfl one of the
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secondary pivots and one of the knife-edges mentioned. above come into contact with their sock-
ets, just as in the original N, P. L. instrument. The balance then has only 1 degree of freedom
and the lift arm can be disregarded entirely unk%+ the lift is vqy large, in which case enough
weight should be hung on the lift arm to balance the lift approximately (within 1 or 2 kg.).
If this is not done the weight of the balance may be tiufhcient @ hold .it down, and tho pivot
may rise from its socket enthely. The other pivot and knife-edge are used tu measure lift ahme,
Their sockets are carried by a horseshoe-shaped link, pivoted to the frame at its open end and
resting at the other end against the point of a screw which is threaded into the frame. ‘l%i~
pair of sockets are in line with the drag arm and are ~ormally a little lower thtin the p~ir used
for measuring drag alone. When it is desired to measure lift alone, the screw supporting the
closed end of the link is turned, raising the link and its pair of sockets until the sockets come in
contact with the pivot and knife-edge and lift the balance off of the main pivot. The balance
is therefore a little above i@ normal. position when lift alone is being measured arid a little
below it. when it is the drag that is taken, but the total vertical displacement does not e..ceed
2 mm.

The four dashpot fins and the platform on which the “sensitivity weights” rest are mwie of
a single aluminum casting in order to get the weights as far as possible below the ccn ter of
gravity.

.. ..- . . . .

The-drawings and photographs show the balance only as far as the upper end of the trumpet
top. Beyond this comes the spindle, which presents a special problem in that not only the ,
weight and strength, but the outside diameter, must be taken into consideration, as the inter-
ference of the spindle with the flow about the wing is always a serious factor, and no tiort must
be spared to reduce it. It is very desirable that the wing be supported by the tip, as thtinter-
ference of a center support is much greater. With a spindle attached at the wing-tip, the
whole force on the model acts at a large moment arm to produce bending stress in the spindle.
With a wing 60 by 10 cm. and a force of 2Q kg., a spindle of mild steel hae to be at least 10. mm.
in diameter at the point of attachment to the wing to give a factor of safety of 4. With a spin-
dle of high-grade heat-treated alloy steel this diameter can be reduced to 12 mm. For uniform
stress, the spindle diameter at the trumpet top would be only 21 per cent greater than that at–
the wing, but it is well to taper a little more abruptly than this in order to secure increased
stiffness. When the parasite resistance of bodies, airship hulls, or other streamline forms is
being determined a very much smaller spindle can be used than when wings are being tested,
W~th an airship hull of low rwistance coefficient, the model being 12 cm. in diameter and being
tested at a speed of 50 metem per second, the spindle diameter at the point of attachment need
be only 1.9 mm. in diameter, tapering to 2.8 mm. at a distance of 15 mm. Here again a sharper
taper would be advisable to reduce the deflection w]d ayoid vibration of the model. In any
case, however, a correction for tile effect of spindle deflection (discussed in another section of this
report) would be necessary with a spindle of such a small tip diameter as this,

PITCHING MOMENT DEVICE.

The toreion wire used by the N. P. L. for measuring pitching momenta being unsatis-
factory in some respeck a secondary balance beam for weighing thc%e moments directly is in-
corporated in the Langley Field instrument, as in that at the Bureau of Standards and several
others. The momd weighing arm is an aluminum casting. The momcmt is transmitted to
it from the M counterweight arm of the bahmce through R strut and spring clamp similar
to those used by the N.-P. L. for preventing rotation & the balance, and is balanced by weight
hung at the end of the horizontal beam of the weighing arm. The ratio betwem the lengths
of the horizontal and vertical mms is 3. so that the weight in the scalepan is one-third the lateral
pressure of the strut or cIamp against-the sacket at the top of the wei@ing beam. If the lah
eral preesure becomes greater than the total weight of the beam m-d parts attached to it the Imife-
edgw on which the beam roc$s will jump out of their sockete, the sides of which have a slope
of 45°, Wkum tests are made at high speeds and with models so mounted that the pitching
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FIG. 3.–FRAME, DASHPOT, AND OTHER RIGID PARTS. “
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FIG, 4,—1, LOWER HEAD; & CLAMPING RING: 3, PIVOT PLATE; 4, VERN[ER
AND PRISM; 5, PINION AND CASING.

FIG. 5.-1, UPPER HEAD; 2, TRUMPET TW 3, 4, PIVOT AND KNIFE-
EDGE SOCKETS; 5, 6, BUSHINGS; “.7, DASHPOT COWSfL
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-.--T.. -... — J .— - . . . ..: :--- . , . .

~ +,.:..’::- > .... :3..

1~=
“-=wsq. .. ...... ..—.

FIG. 8.–1, 2, GUIDE ARMS; 3, V.F. CAGE AW-SIA~H~oT~ .53v. F.DAMP.ING
VANE; 6, 7, CAGE CARRIER AND CAGE; 10, RIDER PUS+IERS; 11, 12,
MOMENT GUIDE ARM AND CAGE.

r——. —...
_ .=.. ——..

—

----”:—..—

~==.”’ . ..

..*:: >..- ‘

IE...,
:..a.. ... .- -,-. ,, . . . . .. .. ... . .

i

-.

FIG. 9.—1, DASHPOT FINS; 2, 3, 4, RIDERS; 5, 6, SCALE PANS; 7, V. F.
KNIFE-EDGE FRAME: % IcT Ill WEIGHING ARMS; ~21 WEIGHING
ARM TIE-RO. DS.



WIND TUNNEL B&ANClES. 9

moment is large it is therefore necessmy to add dead weight to the weighing beam to hold it
down. A counterweight is placed opposite th~ scalepan on which the weights to balance the
moment me hung, and this counterweight is heavy enough and placed fa.~ enough from the axis
of rotation of the beam so that the zero weight which must be placed in the scalepan to bahmee
the beam with no wind on is greater than the largest diving moment which is Iikely to be meas-
ured. Both stalIing and diving moments can thus be measured with a single scalepan.

The spr~ clamp used for transmitting the moment to the weighing beam is made with a
single helical spring behind one pivot. The pressure of this spring can be adjusted by ttig the
Icmn3ed head of the damp. A C-spring of the type used on earIier N. P. L. balances could
not be made to give the requisite pressure and still be kept within reasonable lim.ita of size.
The strut which opposes the spring clamp is made of a steel tube, 3 mm. outside diameter,
].5 mm. inside diameter, with hardened points mounted in its eds.

A separata dashpot is provided for damping the oscillations of the moment weighing arm.
The damping fin is carried at the lower end of a rod which runs down through a slot in the table
top of the bakmce frame..

When lift and drag are to be measured the moment beam is. locked, in order to prevent
rotation of the bahnce about a vertical axis, by passing a pin through helm drilled in the sides
of the moment guide arm and in the weighing arm itieIf. The bahmce can be adjusted for align-
ment of the arms with the -wind by moving the socket which is set m tie ~t co~terweight
arm and which is provided with a screw adjustment.

MICROSCOPE FOR ALIGNMENT.

In order to check the alignment of the arms with the wind, a microscope k mounted on .
the table top of the balance frame, and a reference line is carried on the balance iteelf, exactly
as in the original instrument except for mechanic~ details. The refer~ce line is made ad-
justable with a micrometer screw in order that it may be brought intc Une with the cross hair
of the microscope when the aligament is first determined or -whenever it is checked. The refw-
ence line, once located, is left fixed, and the two lines me thereafter brought into alignment,
whenever they get out from any cause, by moving the strut-and-spring cIamp socket as de-
scribed in thelaet section. Ordinarily the lines should come into register whenever the locking
pin i.. passed through the moment weighing arm without any adjustment.

VERTICAL FORCE ARM.

Where lateraI stability or control is to be investigated, requiring the measurement of six
forces and momants instead of three, the model is set up with the y-axis horizontal and the
lift is measured directly on the vertical force arm, which runs in the opposite clirection from the
drag arm, The method used in the Advisory Committee’s balance is identical with that de-
vised and used by the N. P. L., and fully described in the Report of the British Advisory Com-
mittee for Aeronauti@ for 1912-13. Since the lift on a wind tunnel model at high speeds is
greatar than the weight of the model, enough weights are strung on the vertical rod which
passes inside the bakmce to insure that the total weight on the inner end of the T’. F. weighing
arm will be greater than the m&nmrn lift.

CONCLUSION.

While it is perhaps unwise to attempt to set a limit to future progress in any direction, it
, i.. not believed that the 1?. P. L. type of balance will prove applica-ble to tunnel sizes and wind

speeds very much in excess of those at present realized. The load becomes too great for a
single pivot, the errors due to deflection rapidly run up with the size of balance, and the han-
dling of the weights becomas an arduous task with growing forces on the model. Even in the
present balance 40 kg. must be lifted onta the scalepan to bakmce the maximum lift. If there
is h be much further increase in the values of LV reached in model experiments, that increase
probably must be accompanied by the adoption of a new type of weighing instrument.

144415+404
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SENSITIVITY OF WIND TUNNEL BALANCES OF THE N. P. L. TYPE.

The balances used in aerodynamic measurements, whatever may be their type, work
under conditions radictdly di.tbrent from thbse to which practically all other weighing ma-
chines are exposed in that the load acting on the balance is never steady, but varies with the
greatest rapidity. In a chemical bahmce the action of gravity on the weights and on the sub-
stance to be wpighed is absolutely unchanging, aesuming an absence of chemical or physical
action with the surrounding air, and the only variable forces are those due to the currents of
tiir striking the balance. In a good. balance even these are guarded against by the inclosure
of the bakmce in a case, means being provided for manipulating the weights from outside.

When it is attempted to measure forces due to fluid velocity the whole problem of instru-
ment design is much altered, for it becomes necessary to balance a fixed force, the pull of
gra-vity on the weights, against a variable one, the pressure on the object being tested. It
was with the object of eliminating this dissymmetry that Lanchestm devised, a number ofs
years ago, his aerodynwnic balance in which &e two forces balanced against each other varied
in the same way. In this instrument, used chiefly for &ding the skin friction of plates, the
object to be tested was held at one end of a horizontal arm, the other end of which supported
a small flat plate so oriented ~ to be normal to the wind. The horizontal arm was free to rotate
about a vertical axis through Its center. In use the apparatus was exposed to a rapidly movi@
current of air, and the area or position, or both, of the normal flat plate, were varied until the
arm showed no tendency to rotate. The moments about the axis were then equal and,
since the distance of etich surface from the center of rotation could be measured aad since the
resistance of normal flat plates had already been determined with a fair degree of accuracy
by other experimenters, using other methods, it was possible to solve for the unlmown re&k-
ante. Once the arm on this instrument was balanced, it should ahow no tendency to rotate
due to changes in wind velocity, provided the velocity at any given instant was the same at
the two ends of the mm, as the resistance of each object was very nearly proportional to the
square of the velocity, and the ratio of the resistances would be quite. independent of wind
speed. For this same, reason, indeed, measurements of the wind speed were wholly unneces-
sary for the determination of the coefficients. A device similar in conception was used by
Dines at about the same time for measuring resistances. In this case the surface tested was
carried on a whirling arm, and the resistance was balanced against the centrifugal force on a
weight conneoted to the surface through a bell crank. Here, again, no measurement of speed
was required, aE the resistance of the object tested and the centrifugal force on the weight were
both proportional to the square of the @ar velocity of the whirling arm. & arrangement-
for balancing the force on two surfacea against each. other is also used in w. Me Wright’s
balance.

Such devices as these, however great their ingenuity, are ine-ritably unsatisfactory in some
rwpects. In the first type described, a preliminary dete+nation of the resistance coefficient
for a flat plate normal to the wind was required, and the accuracy of all subsequent experi-
ments was Iimited by the accuracy of this preh.inary determinaticm. No absoIute measure-
ments of resistance were possible. In both cases the mechanical complications introduced
by the shifting of a surface or of a bob weight were extreme.

n
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In nearly all balances used in tierodynamicaI laboratories at the present time, then, to return
to the original statement; fixed and variable forces are invohwd. No satieftictory merms of

.7..

. automatically controlling the wind ~elocit y in a tunnel’ has yet been devised, despite the cm~-
siderable number of triaLs which have been rnr+l ~an.dIt is still nw.esstiry to depend ot~ manual
regulation. This involves a distinc~~~e. I& ~et~eem~k~~occumellce of a velocity fluctuation
and its correction by the manipulation of the rheostat,;~ th~t, even with a Klghly sk~lled opera-
tor, the wind velocity may vary more than ~ per”cent mch way from the mean value, the period
of the velocity oscillation being from 2 to 10 seconds. A variation of ~ per cent in the wiml
velocity implies, since the fcmc.es V8V. RS.t.he, ~elqcitt~ ~qu~~e_dd_a ~arnation of 1 pm cen~ iu
the forces acting on the”model. The magnitude and nature of thb >~ariatloi~ rntit be kept
always in mind in designing jhe balance, and the inst~ent must be so ,arrrmged as to yield the
most accurate results possible under the special cond~~.ons which it ,h~. to. .mept~,,

We sha~. examine first the seneitivitv of the tvme of bakmce orunnated ~t the Natiomd

-.

physical Labor.atmy and .usel&] ,$hi~. coktry .&t.t~;.. Massachusetts Iystitute of Twdmology,
at thti nf3w tinmil of the Curtka .Eti: - ‘

Aw

,.. .:.-
..

.:

d.
FIWBE10.

gineering Corporatiofi, and in. the
A&isory Committee’s. tunnel noy,
under discussion, in which a single
pi~ot is used for support and the
balance has two deggccs of freedom.

In the first place, since it i~ not=.
sary to ba~ance up the imtrurnentt
with no -mud blowing in order to
detamine. the mgount of weight re-
quired to counterb~ance &e gtatical “
couple due to the model aud the

.—

-weight of the, unsymmetrically di~-
posed portions of the instrumen~
them must be a suficient degree of
“statical sensitivity, ” working as an
ordinary physical balance, to keep the
error in. the .readkgs on this prelimi-
nary test within reasonable bounds.

The magnitude of the error pmnis-
sible depends upon the greatest abso:
lute accuracy desired in tlm detor-
rnination of lift or dnw. In the ctic

of a wing, this grw@st accuracy is required in the measurement of the drag n~ar those angles
where the drag coefficient is a minimum. The minimum drag of a wing 60 by 10 cm. at
a wind speed of 30 m. per second, is about 72 g. In order that the error in the determina-
tion of this. amount-may not be over 1 per cent, the possible error in the prelirnimwy run
with no wind on should under no conditions axcmd % per cent of the quamtity to be mcw~red,
or, roughly, 0.35 g. In order that the .rneamremagt .rnay be accurate to this amount it is
necessary to make: the. theoretical sensltmity quite ti little better tlmn 0.35 g., as there is.
always some friction between a pivot and its socket, wpecially where, as in an instrument
of this. type, the pivot must be somewhat blqnte~. in order that it may carry its load with-
out crushing. In actual practice with. heavy pivot-supported aerodynamic bldances, it is .
found to be possible to secure a disttict ~ovement..of..$he d~ag arm due. to clla~es of weight
of 0.0.5 g. The lift arm is somewhat lam mnsi.tive, .m_rnotioqs .of .thls arm are opposed not only
by the friction between the pi-rot and its socket, but +0 ?Jy the friction between the lif t caunL& - ““ ‘—
\veight arm and the two pivots (on the strut and spring clamp) which prevent rotation of the
balance about a vertical axis. A sensitivity of 0.05 g., while it is sometimes useful when the
forces to be measured are yery small, as in the deter@nation of the resistance of a streamline
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body, is seldom required and seldom obtained, In general, M means be provided for adjusting
the balance to give a sensitivity of 0.1 g., the results will be perfectly satisfactory.

The forc~ acting on the balance with no wind blowing are shown diagrammatically in figure
10. G is the combined center of gratity of the moving portions of the balance, the model, and
the weights required to balance the unsymmetrically disposed portions of the model and of
the instrument itself and is located at a distance x. below the pivot. These weights
are, of course, considered as applied at the point where the scalepan pivot touches.
its socket in the weighing arm. ?7 is the sum of all these -weights (balance, model,

“ etc..). If a force Aw be applied at the. point A or, what amounts to the same thing,
if the weight on the scalepan be decreased by kAw where k is the multiplication ratio between the
vertical and the horizontal arms of the balance, tha balance wiU, neglecting friction, rotate

hAw
about the pivot though & angle whcm circular measure is equal h ~%” The vertical move-

MLiw
men t of the reference line at the end of the weighing arm d then be ~” If a certain valuo

~ be seamed for the minimum perceptible value of this movement the s&xitivity is given by —

tho expression: Aw = ~. An increase of sensitivity requirw decrease of Aw, and this can be

secured by modd~~ any one of four terms (it is assumed that e can not be further decreased
except by the use of a microscope for obserw@ the movements of the reference Line). W is
always reduced to as low a value as possible if for no other reason than to keep down the load on
the pivot, but there are well defined limits beyond which this reduction can not proceed without
sacrifking the strength and stiffness” of the instrument to an extent which will introduce large
errors.

It would appear from the formula that Aw could be reduced by increasing h or 1, or both,
but this is not actudy the case, since any increase in these quantities requires more than a
proportionate increase in weight in order % keep the deflection of the structure within safe
limits. 71is alwap made as small as possible without bringing the enlarged sections of the
balance head close enough to the edge of the wind stream to interfere with the flow of air. .Zis
made M short as has been found expedient (usually Z= i h) as any shorten@ of .Zrapidly in-
creases the amount of weight whLch must be handled and the load on tlu? pivot. There remains,

. .

among the several variables, only %, and this can be reduced practicality without limit. Here
again the codtions under which wind tunnel balances -work are peculim. Whereas, in the

ordinary scientific balance, it is necessary onIy to construct the beaw add attached parts so
that their combined center of gravity will be very shghtly below the knife-edge and then to
place the knife-edge sockets for the scalepans so that a straight line connecting them will pass
through the knife-edge supporting the beam, thus making the sensitivity independent of the
weight in the scale pans, in the case of the wind tunnel bakmce neither the total weight of the ~
~gi~y Msembled mo~ parts nor the position of their center of gravity ever remains tied for

two consecutive tesb (unlem they be made on the same model under identical conditions). In
the case of the LangIey Field tunnel, for example, the weight of the model and of the spindle “ -.

which supports it may lie anywhere between 50 and 10,000 g. Since the center of gratity of
the model is about 140 cm. above the center of gratity of the rest of the balance, the effect of
changing from the lightest to the heaviest model is to raise tie center of gravity of the whole
assembly by about 60 cm. Manifestly, if z, was very small tith the light model k place, it
would have a large negative value when the heaw one wss suhtituted, and the balance would
be unstable. On the other hand, if z, was adjusted for a small positive value with the heavy
model its magnitude would greatly increase on chang@ over to the light one, Aw would there-
fore be augmented manyfold, and the sensitivity of tie me~ument would be much decreased
just when the l@hest possible degree of accuracy wotid be required; that is, with a small model
experiencing only small forces. It is therefore necessary to protide some means of adjust:~
the center of gravity when the weight of model is &wed, =d this k done by means of tie
“sensitivity weights” carried cm the spindles just above the dash-pot (shown in the side tiew

.
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in the general assembly drawings of the Advisory Committee’s balance). When the weight of
tho model is large, a large amount of weight is placed on the spindhw, about 70 cm. below tho
pivot, thus counteracting the &mdency of the heavy model to r&e the center of gravity. When
there is no model in position a weight of about 800 g, is required on the spindles to balance the
capstilng tendency of the balance itself, and an additional amount of about twice tho weight
of tho model is required to maintain stable equilibrium with t~e model in place.

In the particular case of the committee’s balance TV,in the formula for sensitivity, is 20,700 ‘
g., not inc.ludlng the model, the weight in the scaIepinj or any sensitivity weigh-is except those
required to balance the upsetting tendency of the baknce itself. With “amodel in position ond
no wind on, the total weight supported on the pivot lies, in most Casml between 21,000 g. and
49,000 g., with an average value of about 28,000 g, h is .54 inches, or about 137 cm,, and 1 is
Z7 inch=, approxima~ly 68,5 cm. ~ may be taken M ().2 mm. If. the required sensitivity bO

taken as 0.1 g., which was shown above to. b.e a. i& qymage valuti, x. -m&t not be more than
1.7 cm. On the other hand, ~ must no~, under any con&.ions, be negatiye, as the balanm will
simply fall from side to side, never bei~~ in stable equilibrium, and it will be almost impossible
to secure any readings whatever. Since a movement of 0.2 mm, at the end of the weighing arm
corresponds ta an mqy.dar rotation of 0.00029 radian, the product of the total weight and tlm
distance from the pivot to the center of grayity may vary, without f ailing below the minimum
permissible sensitivity, from O to 47,000 gm. c-m. She tho sensitivity weighh arc located
about 70 cm. below the pivot a -variation of nearly 800 g. in the amount-of weight-used is possible
without~hanging the sensitivity beyond the rwsigned limits. A somowhat closer adjustment
than thh is actually sought for, as it is not de&able, as will be shown lati, to have too much
sensitivity, but there is no neces+ity for changing thti-weights by smaller intmvals than 200 g.
Since the weight is aIways symmetrically disposed on the two spindles the smallest weight used
is 100 g. .

With the wind on the conditions are changed considerably. All the forces which acted
during the preliminary run continue in operation, irr addition to two new ones, the resultant force
on the model due to the re@ion of the moving air and the weight used to balance this resultant.
(Liit and drag are here cbnsiderpd as a fiit. “-””Strictly speaking, .of course, there me three forces -
acting-the resultant force due to the air, the pull of gravity on the liit weights, and the pull
of gravity on the drag weights.) The moments of, tbse two new forces about the balance pivot
must be equal in order that the system may continue.in equilibrium.

The conditio~ of @abiLity of the system are also_modified: fie @dition of weight to the
- scalepans has no eff&t, provided that the socket for the scalepan pivot is, as it should be, exactly

in the horizontal plane through the main pivot when the balance is h“ equilibrium. Since thero
is inevitably some deflection of the wejghing arms, no matter how well they may be braced, this
condition can not be exactly qbtained under all load~~but the ~eviation from t~le ide~ iSsmau.
The magnitude of this deflection and the errors ariskig from it are examined in. another part of
the paper.

If the line of action of the force on the model i@rse-cts the vertical line through the pivot
the change in moment arm due to small inc~ationa of the balance is negligible, and the
moment of the force about the pivot remains &’bstantiaUy constant during the oscillat-
ions of the balance, so long as the force itself is.. not varied by fluctuations in the wind
velocity or any other cause. If, however, the force does not act through a point ver-
tically over the pivot the two forces supposed @ be in equilibrium (that due to tlm
pressure of the air on the model and, that due to the @ of gravity on the added weights)
will not continue in equilibrium wheri” the bahince inclines, ahd loss of sensitivity or
10ss of stability of the system will result, just as is the case when, in an ordkiary
physical balance, the line connecting the points of suspension of the scalepans passes below or
above the knife-edges. It is rather difficult to define satisfactorily the point which, being analo-
gous to the point of suspension of a scalepan, shoul@” be located d@ctly above the pivot. For
the present, at least, it will be simplest to consider separately the eflecta of each of the six forces
and momenta acting on an objwt,. not moossL@Y symmetid expo~d ~0 a cu~eni of air.

.

.
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Instead of considering the lift and drag, acting perpendicular and parallel to the relative wind,
as is the ordinary practice in wind tunnel work, it will be best to deal with the forces resolved
paraUel to axes iixed in the model, in accordance with the current practice in stability work.
In this way the moment arm of each force about the pivot will be fixed, whatever oscillations
the balance may undergo. The three forces are taken as acting at an origin which may be arbi- .
trarily fixed, but which is almost always Iocated at the center of gravity in the case of a model
of a complete airplane and at the center of the ~eading edge in the case of an aerofoil.

Oscillations of the lift arm of the balance can obviously have no effect on the sensitivity.
There only result is to incline the plane of the wings out of the verticaI. This does not change -.

the magnitudes of any of the forces along axes fixed in the model, nor of the moments about
such axes, and, since the moment arms are constant, as pointed out above, the moments them-
selves will not change. .

Oscillations of the drag arm, however, yaw the model instead of rolkg it. Aa soon as the
model yaws symmetry is destroyed and all of the forces and momenta may be mod&d in some .
degree. The variations of the pitching moment are of no interest in the present commotion,
as the moment is exerted about a vertical axis, and cannot possibly affect the equilibrium of the
balance. Its only effect on the sensitivity is to change the pressure of the short balance arm
against the strut which prevents the balance from rotating about a verticaI axis, and so to
change the friction at this point. Of the five quantities remaining, the variations in the forces _“
Z and X, c&.ely analogous to the lift and drag, are smaIl, but not so small as to be negligible.
In genertd, Z decreases slightly with small deviations from the petition of symmetry,
while X increases, but exceptions b both of these rules are sometimes encountered.
The rate of decrease of Z is usually about one-haIf of 1 per cent for each degree of yaw.
The change in X usuaUy rangea from + per cent to “1* per cent increase for each degree of
yaw. Since the oscillations of the two arms of the balance are usually synchronous,
both being’ governed by the variations in wind velocity, the effect of the movements -
of the. drag arm, causing the model to take up an angle of yaw, on the lift must not be
neglected. Since for a model of an airplane or other symmetrical object, the direction of
change of X and Z is the same for a positive as for a negative angle of yaw, the effect of the
changes is to assist a return to the position of equilibrium when the deviation is in one direction
from that position and k oppose it when the deviation is in the other direction. If the initial
sensitivity (with no wind on) is very great there is danger that this added moment opposing a
return to equilibrium may be large enough to overcome the righting moment due to the w&ght
of the balance. The result of this will be somewhat the same as the result of using instioient
counterweight to balance a heavy model, but the instability in this case will appear only for
motions in one direction from the central position, and will usually lead to an undereathnation
of the lift and an exaggeration of the drag. To find the Imitation thus placed on the maximum
initial sensitivity the same method may be employed as that already used for fhiing the minimum

Permissible initial sensitivity. If the rate of change of longitudinal force be taken as 1 per cent
per degree of yaw the upsetting moment due h a movement of the balance through the angle A! ‘
(circular measure) is .57X xA@ x h. For “continued stability, this must be leas than the righting

—

moment due to gravity, T%@?. Equating the two, the condition of stability beoomw
-.

IVXo= >o.57x7b

It has already been shown that the initial sensitivity is given by the expression:

Aw=wxxoxe ,..
hxl

- ..
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In the case of the Langley Field balance, substituting 0.57Xh for TErO,and the values previously
specified for 1 and e, the limiting value of the -sen.aititity is found to be

. .

*W=-–- ‘“-- ‘- “’--”-“---”:””””’-””- ““”” ‘ “““ ‘- -““ “ - “-’-

w 0“576= 0“5:x::o~~0.00016x=--r EL
The same method may be applied. to. the lift and. J,Qqds.~oths com~usign that, y~th a model

having a lift of 20 kg., the initial sensitivity must not bq greater than 1.6 gins. This vvould~)o an --” ‘- - ‘–
extreme value of the lift, and it is seldom necessary to reduce the .sensititity below 0.5 gm. on
amount of the variation in lift, bubn the other hand, it is seldom that actual use could bo made
of the sensitivity of 0..1gin., previously’taken as the stan&ir.d for w$ich it was nesessary to provido.
C)nly on stmmm-line bodies, struts, and similar objects of small resistance would .tthe possible
accuracy of measurement be..as great as this. It ia in some respects a disadvantage of the N. p. 1,.
type of balance that its” statical se.nsitiyity”. must. be t%e same in reepect of lif t and drag,

Y, the third of the thre.eforces acting on the model,is perpendim.larto the plane of symmetry,
.. . .. . .

and doee not exist so long as the wind direction is parallel to that plane. As soon as the balance
moves from its position. of equilibrium, however, the .Iuodel assumea an angle of yaw, and this
gives rise to a force. .Y Which is ahngst always -g,egatKe””for a positive mgle of yaw ‘and vice
versa. The magnitude of Y for a given angle of yaw varies widely with the type of model and
with conditions of teat, generally being largest, relati~e~y .to the lift, at small angles of attack.
The absolute .values.of. Y are. v.h%ua~~ independent. of the angle of attack. For an angle of
yaw of 1°, Y maybe as high a: 2 per- cent of the lift for complete models at an angle of attack
of 0°, or about 1 percent of the lift at 4°. This force is]argest when the winga have a considerable
amount of dihedral or sweep back. In the case of fair+haped objects, such as airplane boclick
and airship ehvelopes, Y at an angle of yaw of 10 is usuklly from 10 per cent to 35 per cent-of A“.
With models of the size used in the Langley Field wind. tunnel, and with a wind speed of 50 m.
per sec.cmd, Y has.8 rnax@um. VQJUQ..gf abput 50 ~: for bodies and 100 gins. for completa
models. !-b

If the originof there f&en~e”&esia .directly-ovei”th~pivot when in equilibrium Yhasno effect,
as its line of action always pwes through the pivot. If, however, as ia usually the case, the. .
model is setup with the origin forward of the vertical through the pivot Y will tend to produce
instability in respect of the drag mewurements, while not affecting the movements of the lift
arm. If the origin is above (in the model, not in the tunnel; i. e., nearer to the upper wing
than) the vertical through we pivot Y will tend to. decrease the sensitivity in lift, awuming
that th~ two arms oscillate synchronously, without affecting the meesuremente of drag. The
opposite positions will, of coume, have opposite effec.b. The magnitudes of these eflects are
vgry small. They would seldom modify t@~itivity by more than 0.02 gin., and they need
not be taken into account, provided that the model k .SOsupportml that the origii is re~onably
close tc- (within 8 cm., in the cme of, a. tUnRPl 1,5. rne.@m. in .d@net@ the vertical through the
main balance pivot,

There remain only the yawing and ro!ling mornen~ to reconsidered. Both of thwe, denoted
by N and L, respectively, make their appemance, h%> Y, as a result of the assumption of an
angle of yaw, and do not exist while the tid direc$iQn is parallel to the plane of symmetry.
The analysk of the action of these mornente “ne@ not=be fo~owed through in detail. The first h
unimportant, while the robg moment, which may =ume a eomiderible value in the case of a
model or a wing with mark@ sweep back or dihedral; acts to increase the sensitivity in lift, and
ia therefore opposed to the effect of tke change Of H-t itself for motions in one direotion, while
acting with it for motions k the opposite direction from the central poiition. The maxinmm ,
value of the effect..of ,the rolling moment is about 15 per cent of the maximum unstabilizing
effect which may-arise due to changas of the lift with ~igle of yaw.

—.,
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It appears from this consideration of the various forces and moments and their variations
that their effects on the sensitivity of the balance are usually very slight, but that they may be-
come important, especiallpvith regard to the lift measurements, forsomemodels. Since the most
important factors are the variation of the lift and drag, and since the magnitude of these forces
and the moment arms at which they act are quite independent of the location of the model with
respect to the vertical through the pivot, this location has less effect on the sensitivity than
might have been anticipated, although it is by no means a factor to be neglected. The position.
at -which the spindle supporting the model is attached can be chosen, within fairly wide hits,
from considerations of ease of attachment and of minimum interference with air flow about the
model, rather than with any idea of modifying the effects of Y, L, and N.

The distribution of the effect on sensitivity of the three factom variablewithposition (Y, L,
and N) depends on the location in the model of the arbitrarily chosen origin, agd any one of
these three can be made to have any d&red effect by properly placing the origin. The total
gffeet of the three, however, wiU manifestly be entirely independent of the position of that point.

There are certain typas of balance @ which the model moves always parallel to itself, and the
forces accordingly are subject to no change during th e .osciUation of the instrument. ~=e til
be briefly discussed later.

144415-204 .
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PART III.

72.

POfiWIBLE SOURCES OF ERROR IN BALANCES OF THE N. P. L. TYPE.

In order that some conception may be gained as to the relative accuracy necessary in the
construction of the various parts of a balance, and as to the ma~gnitudes of the errors -which —.
creep into the measurements from many source.% both those which are avoidable by careful
construction and use and those which are tihermt in the design of the @trument, these several
sourcw of error will be taken up ancl analyzed separately.

(I) The &et cause of errors in the determination of forces and ~oments, and one of thi
most importsmt, is the deflection of the vertical portion of the balance under the force acting on
the model. In measuring forces, since the portion of the balance below the main pivot is sub.

jetted ta no transvwse forces except the fiute ones due h the resistmce of the oil in the dash-
pot, all of the deflection takes place between the pivot and the model. In the case of a balance —

in which, as in that at Langley meld, the Wekb.- are trussed by tie-rods, virtually all the
deflection when the lower pivot is not mgaged occurs above the point of attachment of these
tie-rods. When pitching moments are be~g ta!en, however, the lower pivot is thrown into
position to keep the bahmce axis vefical, ~d the deflection in the portion of the balance between
the two pivots may be of considerable magnitude.

The error which deflection CaUSeS~ the measur~ent of forc~ is due h the movement of the
model and the upper portion of the b~ance ~ifi r~pect h the vertical through the main pivot.
This movement chang~ the moment of the @@t of tie model about the pivot when the weighing
arms are in the CeR~ position, ~d so chq~ the amo~t of weight required to keep the balance
in equilibrium. Siice the deflection is proportion~ h the load appIied, and the error for a given

weight of model is proportion~~ tJOthe deflection) tie perc~tage error is quik hdependent of the
load applied. It is necessary, tiw, k order ~ ~ure a defiti percentage acc~racy, that the
balance and sp~dle be just M stiff ~d heavy for ~~ at 10 me~ per second as for those at 50.
Furthermore, since the balance, chuck, and sp~dle are cfic~ar ~ cross section at all points, the
percentage error in ~t due ~ deflection J~ll b8 ~ same as that ~ respect of dreg, except for the

-.

portion caused by the deflection of the model itself. The error here will be greater in lift than in
d~m at smaU angles of attack, as the model aerofoil bends much more readily about an axis
par~el to the chord than about one ,perpendicular to the chord. At angles of 4° tir more, the

resultant force b Marly p~~~c~ar ~ tie chord} and tie dtiermce just spoken of between
—

lift and drag therefore. does not appear. By far the largest part of the deflection error arises

from the benbg of the sp~~e which suppor~ tie model and ~~ch must have a small outside
diameter in order that tie fit~er~ce ~~~ tie flOWof ah may not be excessive. The deflection
error always exk~ md is perfectly de~~a~ ~ maqitude and S% so tiat it can be computed
or determined experimentally and correction made for it. This is sometimes done, but it is

preferable to make the balance stM enough so that DO,correction wiU be required.
In the quantitative dkcuasion of deflection efiec~ tie ~~h Systim of Wtighti md measura

WiU be used, as the m~tank of ma~ria~ ~~11be much more f~fim ~ that sptem than in the
metfic ti most readers. The deflection of the baknce at L~gley Field, from the pivot to the
upper end of the trumpet top, a total length of 33 irtchss, is 0.00071 inch under a load of I pound,

applied at the ceRti of the t~~, and the slope at the upper ~d of fie tupet top when the
balance axis is vertical is 0.000099 per pound of Mad. With an aerofoil 60 by 10 cm. (approxi-

.—
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mately 24 by 4 inches), supported at-ita 10wer end by a spindle tapering in diameter from & inch
ati the point of contact with the wing to I inch at the point where it enters the chuck, the total de-
flection, neglecting the bending of the aerofoi.1 itself, is 0.0076 inch per pound. The deflection of
an aluminum aerofoil, in respect of lift, may augment this by 0.0204 inch per pound, making &
total of 0.0280 inch per pound with an aluminum model. The corresponding figure for a steel
aerofoil is 0.0144 inch, There is ako likely to be sQme permanent yielding at the joint between an
aluminum mrofoil and its spindle, due to the softness bf the aluminum. 7%e remedy is h- drill
and cut a thread deeper into the model or to mortise the spindle into the wing and ri-ret them
together.

.
.-.

The weight of an aluminum aerofoil of average thi@~ _and””24by 4 &hes in plan form is
..- . -.

from 1~ to 2 pounds, and its center of gravity has just been shown to move 0.0280 inch u.micr a
lateral load of 1 pound perpendicular to the chord. (This is actually the distance that a point
fixed in the plane of the chords of the rterofoil and halfway between the tips mows, The displcwe-
ment of the center of gravity is a Iittle greater, due tn the bending of the wing, but the difference
between the distance as just computed and that actually traveled is not very important.) The
weight of.the steel spindle is 1.26 pounds, and the distance moved by ik canter of gravity under
a load of 1 pound is approximately 0.0015 inch, The total moment=bout the pivot due ta
these displacements with a ?-pound model is

.
m

~Jx 0.0280) + (~.26 x ~ooI)15) = (3.0560 + 0.()()19 = 0.0579 ]bso ins,

This is equal to the moment given by a lateral force of .O.OO1O7pound applied 54 inches above
the pivot. The error in the measurement of the forcti~ a rnod.el aerofo~ cmused by the &&c-
tions of balance, spindle, and model is then about 0.11 per cent. If the model aerofoil is .mad~
of steel instead of aluminum its. weight is about 5 pounds, and the possible error in lift mcasurc-
ment.s is increased to 0.14 per cent despite the greater stiffness of the steel. It is evident that,
both to keep down the deflection error and tored~e .$h~weight resting on the pivot, aluminum
is the material par excellence” for models, and steel should only be used when it-is desired b _ ,
@d a standard wing to form with the highmt possible degree of accuracy, or when the modd
is to be tested at so high a wind speed that an alumin-~ model would be likely to be stressed
beyond its elastic limit. Even where accuracy .of constructio~ ia the dominant consideration
aluminum is but little inferior ta steeI, although the aluminum is, of course, much more liablo to
be bent or otherwise injured by careless handling. Rrags, sometimes used for models in the past.,
is thrown quit~ out of consideration by its high density and low moduluq of eltiticity and
stiffness.

The deflection of h complete model is somewhatl~s thau that of, a.sipgle wing under the samo
load, as the parts of the model tend to reenforce each other, even where the wing bra@ng &

.- .-

omitted. For a model weighing 10 pounds, a figure which should seldom if ever be exceeded
with models of the size used in the Langley Field twmel the error due to deflection should

,.

ahvays be less than on&half per cent. This is large enough, so that some allowance for it wouhl
be required, but 10-pound mod& are fortunately the exception rather than the rule, and
deflection effects can usually be ignored in the measurement of forces with this balance,
although they have proved a very important f Actor. with some balances of similar type.

The effect of deflection on the determination of pitching moments, and so of centers of
pressure and vector diagrams, may become important with aerofoils of little stif%mss &ted at
high speeds. Since moments are measured with refergrwe to a vertical axis pawing throu@ the
pivots, any deflection of the model support wilI shift the position of this axis in the model. This
will redt in the moments actually being memured with reference to a different axis from that
experimentally determined before or after the run. . Since all parts of. the baIanoe itself are
circular in section the line of resultant deflection .will_be parallel to the line of action of the re-
sultant force on the model. A shifting of the axis of moments parallel to the line of action of
the resultant forcananihtiy doea not aflept the magnitudes of the moments, and the defla-
tions of the balance proper can therefore have no effect on the determination of the location of
the vectors. The model, however, do- not, by any means poaseas radial symmetry and the di-
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rection of its deflection is almost constant and independent of the direction of the force acting,
since only the component of that force which is perpendicular to the choti of the aerofoil is

“ effective in bending the model. Strictly speaking, the component of interest is that perpendicu-
lar to the principal axis of the section, not to the ohord, but the two are nearly coincident. The
principal asis have been determined for a number of sections, and the angle between the principal
awas and the system of axes ‘parallel and perpendicular to the chord ym.s not, in any case, more
than 1*”. The deflection of the wwge aluminum model due to its own bending alone has
been shown to be 0.0204 inch per pound, or 0.204 inch under a load of 10 pounds, which is
the maxim~m that most aerofoils of cast aluminum alloy will safely sustain. The deflection
under unit load is only one-third as much for a steel model as for an aluminum one, but the maxi-
mum load liable to be sustained is about four times ss great, so that the miminmm total deflec-
tion for a steel model is in the neighborhood of 0.27 inch. The angle between the vector
of resultant force and the prinoipal axis of maximum moment of inertia is never much more
than 9° at any angle of incidence from 0° to 18°. The error in determination of the
center of pressure or vector position would therefore not exceed two-thirteenths of the deflection
of the model, and the largest error in that detefiation for an aluminum aerofoil subjectsd to
a force of 10 pounds would not exceed 0.031 inch, or O. 8 per cent of the chord. Over the most
important range of angles, that in which most normal flying is done, from 10 to 8°, the error
would be less than half as large as this. In genersl, it maybe said that it is necessary to make

some allowance for the effect of model deflection on pitching moment when the test is run at
a wind speed of 30 met- per second (approfiately 66 miles per hour) or more with an ahuni-
num, and at a speed of 50 me@m per second or more h the case of a steel, model. Speeds above
the latter figure axe never reaohed k the come of ordinary twting, and, indeed, the former is
seldom exceeded.

Although it has no direct effect on the accuracy of the measurements the deflection of the
lower tube is of some inbrest = affecting the fiplacement of the model with respect to the fair-
water when moments are being memua ~d M contfibut% another possible source of fiexu-
r~ vibration. The effect of this deflection is to increase the displacement of the model under
a 20-pound load by 0.161 inch.

(2) The deflection of the weighing wms ~SO has some effect, king from two cMlerent
sources, on the accuracy of the results. In the first place, since deflection throws the point

of support of the wtighk below the hofiontal pl~e though tie main pivot when the balance is
in equilibrium, the smifiivity is WCCW, = h~ been shown in another section of the report.
Secondly, the instmment is balan~ UP ifitia% ~~ the CrOSShairs in line when the two pivote
are engaged and with little or no weight on the ends of the w@hing m. It maybe ~ed
that the weight on the ends of the m when balancing Up is just Wfficient to balance the conn-
termighte and other ucentric~ly placed p~~, so fiat tie =tw of gratity of the whole assem-
bly is directly below the main pivot. If more weight be added, deflecting the arm, the cross

haim will no longer be ~ line, ~d if the hal~ce aXiS is tilt~ to b@ the tip of the arm back to
the central position tie cents of ~~ty ~1 be moved to one tide and will esert a restoring
moment when the only momen~ SUPPOS~ ~ be ac~g me th~ due to the force on the model
and the weighte added on the ~~hing W’MS to balance that force. Obviously the error from

this source is geatat when the cent~ of gra~t~ of the b~~ce i~elf is fmtiwt below the.pivot.
If the length of tie weighing mm, from the pivot to the po~t of application of the weights, is
t and its deflection k ~, the angle of rotation fr~ the initial position of the balance in order to
bring the cross-him ihto alignment after deflection is

8=$ ,. ..—
.

The r~ht~ moment due to the weight of the balance being ~placed with rmpwt to the pivot
.

is th~ KX 6, or KX ~ whine ~ ~ t~e product of the we~ht of the balance and model by the vW-

tical distance from ~he pivot to the cen~r of fPa~tY of the bal~~ and model combined. It
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is shown elsewhere that 47,ooO @. cm,, or 40.7 pounds inches, is a fair value for Kin a h,lmce

the size of the one at Langley Field. If the arms were made, as in the original N, l?. L. balance,
of solid steel rods ~ inch in diameter acting as cantilmem, the deflection in n length of 23
inches under a load of 40 pounds (corresponding to 20 pounds on the model) would be 0.140
inch. With the value of K gimn above, this would cause the weight applied to be in error by
0.25 pound, or 0.6 per cent of the total amouut.. The.Buor due_@ the cleflc@ion of the weigh-
ing arms, like that due to the deflection of the balauce Iumd, is directly proportional to the force
aoting, and the percmtage error is therefore independent of the force.

On the Langley Field balance the weighing arms are steel tubes, 1 inch in diameter out-
side and with a wall thickness of 0.06 inch. They are trussed by tie-rock ~ inoh in diarnc-
ter, and making an angle of 12°! 5 with the direction of the arm itself. The deflection of one of
these arms under an .snd load of 40 pounds is 0.027 “titih, due chiefly to the elongation of the
tie-rod, if the rod and arm are perfectly straight. It is almost-impassible to keep the tie-rod
~bsolutsl y straight, especially where one end @ screwed directly into a lug, and the actual de-
flection is liable to be a little greater than that computad. The deflection with tubular trussed
weighing arms is, however, always much less than with solid cantilever arms of the same outside
diameter, and the trussed arms also have a-great. advantage in reaped of weight, as htw beeu shown

B.

FIlxlEE 11.

Balances may be constructed

already. The e~or ari~ing from ~he deflection of tho
weighing arms, if they are properly designed and if the
sensitivity is adjusted with reasondde care before st8rt-
ing a test, may be disregarded.

(3) A very troublesome source of error, and one which
is sometime$ di-flicidt. to eli@nate, is the sliding of the
main pivot in its aQcket. If the pivot movm, the point of
contact between the two surfaces wiU, in general, be
shifted both on the pivot and in the socket. This shifting
changes the moment of the weight of the balance itielf
about the pivot, and so changes the amount of weight
which must be added to secure initial equilibrium with
no force on the model. If the shifting of the pivot
occcrs during a run, between the times of taking the
“zero reading” and that with the wind on, the change
in the amount of waight required for balancing will appear
as an error in the result of the measurement.

with the pivot pointing either upward or downward. In
the first case the pivot is carried by the balance support; in the second case by the balance
itself. Enlarged views of the two disposition, bob in the normal position and with tho
balance slipped slightly to one side, are shown in Fig. 11. The difference between the paints

of contact in the orig~al and displaced positions is indicated in the drawings. The &t type
of contact considered will be that in which, as b the draWin&j the pivot and socket in the
neighborhood of the point of contact are each a segment of P sphere. It will be noted that
when the pivot is pointing upward the point of contact moves in the balance by a distance
nearly equal to the d@ance which the balance slips (that is, the point of contact remains very
close to its original position on the support), but that, in the converse case, the movement of
the point of contact in the balance is very slight. If the downward-pointing pivot rested on

a fiat surface the point of contac-uld not move at all in the balance and there would be no
error due to dippage of the balance with respect to the suppo:}, but- this disposition is
obviously impractical, as the balance wotid quicuy sfide, fipeued by the horizontal force
acting on the model, into a position pressed Up against the tide of the socket, where itcould
notrocka tall.. “

.

. . . .. .....,.

.

r
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It is evident from the preceding that the pivot should be carried by the moving portion
of the balance, and that it should point downward. This has another advantage in that the
socket, being concave upward, can be kept filled with a thin oil to reduce the sliding friction
between pivot and socket. The formula for the displacement of the point of contact in the
moving portion of the balance is:

2R2
t=-,

.
where z is the distance which the balance slides~- paralIel to itself, with reference to an axis
fixed in space, and l?, and R, are the radii of curvature of the socket and pivot, respectively.
It appears from this that it would be advantageous, aside from all questions of fkiction, to .

make the pivot as sharp as possible and to employ a large radius of curvature in the socket.
The first deduction is perfectly correct, but the radius of curvature of the socket is of minor
importmce, so far as the effect of slippage of the pivot, b. concerned, since it is the slope of the -

tangent plane at the point of contact, and not the distance moved, which limits the slip of the
pivot. The ratio between the verticsJ and horizontal forces acting on the balance rang=
between O and 3 as limits, but seldom exceeds 0.35. (The value ~ coild not be reached unless

‘ the balance itself were weightless.) Taking O and .0.35 as the limits, it appears that the
inclination to the horizontal of the surface on which the balance would rwt in equilibrium, if
there were no friction, lies between 0° and 19°. The pivot would rest in the bottom of the
socket. while the “zero readings” were being taken, and would slide up onto the inclihed
portion of the socket when a horizontcd pressure was exerted against the model. If the total
weight of the ba~nce and model (not including’ the weights required to balance” the force on
the model) is W and the horizontal force acting is L, the angle of inclination of the common
tangent to the pivot and socket for equilibrium under frictionless conditions is:

1 L“
4= ‘an- W+ 2L

_.—.

assuming the distance from the pivot to the model to be twice the distance from the pivot to
the point of attachment of the mwights. The point of contact is then shifted in the balance “
by the amount

,

~=l?,xsin$

and the change in moment of the moving weight &bout the pivot is:
.

The’error in force measurement caused by this change of moment is

*F=R, x ~Xsin q5
~-

— __. —-

.
where h ‘is the distance from the pivot to tie plane of symmetry of the model. Since @ is

shays a small angle sin @ and tan @ may be considered equal. The error is hen approx-

imately
*F=R2X LX TV

~ . ?7+2L ‘

In the Langley F@ld balance W is 28,00~ @os~, h k 137 cm., and the maximum value of
L is about 18,000 gins. Under these conditions the possible error due to slipping of we pivot __...

if there were no friction would be 5.75 & “p.) where & is given in mm. The maximum ‘
percentage of error occurs whw L ~ V~Y SIIIW, and & “for tie case just cited, 0.072R, per
cent, With the usual vahIes of l?z this is not important.

-—
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These figures have been based on the neglect of sliding.friction, a factor which generally
can not by any means be disregarded. If the coeflieient of friction between the pivot and its
socket is 0.2 the angle of inclinaticm of the surfaces at me point of ccmtact may be more than
5° when there is nQ force actiug on the model. Using the figures just given, it appears that
shifting of the pivot may cause a constant error of. 1.2 Ii?zgins.

If the socket wer~ truly couical, there could not bg -any sliding of the pivot, but the sensi-
tivity of the balance would be .decrt?ased.by friction, as the slightly rounded” pivot would make
contact with its socket all around the circumference of a circle, and the relative motion bctmccn
the two for any rocking of the btilance would be slid& instead of pure rolling.

(4) A f nctor wlms.e importance is frequently underestimated is the canting of the model
due to inaccurate alignment of the spindle. When the spindle is screwed into tin acrofcil it k
very difficult to get the tapped hole exactly parallel to the leading edge, and the result is t.htit
the model usually has a distinct tilt, either in yam- or ~ roll, froiu the desired position. If the

di.lt is in respect of yaw the plane of symmetry of the model is no longer parallel to the wind
direction. In this general case there am shi forces and morne~n~ ,to deal with in place of tho
three which exist when the model is placed exactly correct. To illustrate tho importanm
of the various factors the effect of each of the six quantities will be followed through in turn for
an angle of yaw of 2°, this being a value which should not he exceeded if rcasonahlc caro is
taken in fitting the spindle to the model, The forces-fid momenta on the Clark tractor biplane
model will be used in the illustrative example, these data having been obtained at the wind
tunnel of the Mmwchusetta Institute of Technology.l

Denoting the forces by X, Y, Z, and the moments by L, M, and N in the Wual manner,
the figuree with the model, of 48 cm. span placed symmetrically are, for a wind speed of 15
meters per second and various angles of attack:

Angle of attaok. I .6” I 1201’
.“w

~[=]:.;:: ... ......._.. ...... .. ..... . ..I...... ........ ............... ...............——.... ~~ =T=l ‘“ “-””‘-
;g&). ---. .. .. ... .. .. . ..-...— —. -----..... ... q.: I Olg$l,6900:....-..........................--------------- I
#@:=) ............................._....- .....-l ::.... -- . .... ................................ I . H I :! I

The Windle is assumed t.o be located as to intersect -~p vector of res$tant force, so that the . ....-.,
pitching moment, as well as the other two, is zero whemthe model is in the position of symmetry.

At au angle of yaw of 2° the forces and movements are:
-— ...-.. .-—.“ . -—- -

1 % -. . .._

AI@ of attaok. w !3” u“

$El::::::::::::::::::::::i::::;::::::::::::::i:::::
_60.: 1 76.4 m. o

- 4.0 - 6.!2

Z~~j::1:1;:::1::11:~:::1::~:::::::~::~::::~::::~1: +%:: +!%;

~(gz] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . +,, _n4
+%: .-

, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . ..-..,--- . . . - ls:.s -19:0 - a:: .

.. ..- . ..-_ ~,-, .. .-> --..

The total moment about a horizontal axis passing through the main pivot and perpen-
dicular to the axis of the tunnel is .

3i. =xhcos$-Y7Lsin#+Iv

where # is t4e angle of yaw and h b, =. before, the height from pivot to model. In the
W.seachusetta Institute of Technology balance h ie 91.4 ~.

1Dynamfad StabJHty ofAdi)ina” byJ.c’.’-=e=k’= =-=aMi=dJ.; “Fol.i6%No.%Wt&@tOIL 1916. ‘ “ ‘“ ‘=
— .—. -. —-_
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The equivalent force balanced by hanging weights on the drag arm is equal to W“ divided
hy h, or

FD=X cos+–y sin+ +:

.. . . .

Angle of attaok.

‘+

be 6“ 12”

II

x .... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . hio “ 74.4 123.0

F(d.+2") ... . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69.5 76.8 128.o

F(+.2") . ... . . . . . . . . . . . . ... .. . . . . . . . . . . . . . . . . . . . . . . . . . . . EJ.e 75.6 124.0

It appear3 that an angle of yaw of – .2° may lead to errors of from 1 percent to 3 per cent

in the measurement of the drag, and that, in order b keep the error vcithin the desired maximum
of * per cent, the angle of yaw must not exceed.0 ?2. This ideal is perfectly possible to realize
mechanically, but the spindie itself deflects at small angles so that the slope at its tip in the
plane of the wing chords is slightly more than 0~2 when tests are run at 50 rnetem per second.

The error in lift measurement due to the model being set up at angle of yaw must be found
in the same way. The total moment about an axis passing through the balance pivot and
parallel to the tunnel axis is

ML=ZlL+3fsin #-Lcos#
and the equivalent force is

dfsin*-Lcos#
‘=z+~

.. .

The true and apparent values of Z may be tabulated as for X.

Angle of attack.

.“:.W. .

0“ & lr

z . . .. . . . .. . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . ..t
2[$:::.]:::::::::::::::::::::::::::::::::::::::::::::::~ z : ii!. ,“

The error in lift is obviously much sm~er ban that h drw, and it is the ac.curaoy desired
in the latter measurement that controk tie degree of precision necessary in alignment.

To c.oruplete the analysis tie effect of yaw on the momenk about a vertical axis must be
discussed. The equation for the total moment is

M, =“NCOS *+Z sin *

Angle of attack. o“ w 12”
j,” ‘-”

———— .—. —

x.. . . . . . . ..- . . . . . . . . . . . . . . . . . . --------- . . . . . . . . . . . . . . . . . 0.0
Mv(#-+2")----------------------------------------------- +6.8 -1} ; +:;

I . ..- .

These differences between tie true ~d the apparent moments correspond to errors of 0.030,
0.027, and O.OO4cm., respectively, fi the location of tie vectir of resultant force. These WI-OrS

are ne@gible, the largest being less than 1 per-t of the wing ohorcl.
In short, then, it appears hat tie acc~a~ a-ent of fihe model in yaw is of importance

primarily as regards drag and that its importance here k considerable. If the data for a sing~e
aerofoil, instead. of for a completi modeL are tak~ tie impo~~ce of accurate alignment is
lessened, as Y and N, which cawe most of the ~c~ty, both atie largely from the body and
tail surfaces. For boditw and other streafie form% on tie O* hind, the dative importance
of accurate alignment is greater thanfor models of complete airplanes.

The analysis of the moficatiom ~ the measur-~~ when tie model is tilted in roll
instead of in yaw is much ,simpler, Sfice he afi of the t~el remafi parallel b the plane of
symmetry of the model, which merely rotates about it. There are, therefore, no rolling or

——. —.

.—. .

—
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.

yawing moments or mom wind form to be considered. The equationa for moments about tho
three mutually perpendicular axes when the model is roiled through an angk @ may be writ&m

-. :.-

~. =Zh (30S @

MD =.X%-FM sin + .

Mv=Mccs4
The equivalent foroes are

FL==Zcost/I ““ -

FD=X+4!+.. . .... . .—

The errom in lift and pitching moment are negligible for all angiw’ of roli up to 4“. The
error in drag is also very small unless 3f is large (i. e., unlew the spindle is attached far from the
line of action of the resultant force). In order that a roll of 10 tiay not cause an error of more.— .
than ~ per cent in the drag w:hen thelift/drag ratia is+tl,. the ratio ~ w-here e is the shortost die-.-

tance from the axis of support of the model to the line.of action of the resultant force, must not

exceed 0,009. Iti is usually” practicable to keep ~ below this figure, at least at thoso angles of

incidence for which &p efficiency is a nkximurn. Since h k 137 cm. on the Langley Field balance
~ should be kept below 1.23 cm. As””has been ““seen iii eimniining sensitivity, there aro other
cogent reasons for keeping ~ as small as possible. The tendency of the deflection of the spindlo
is to set the rno.del at a positive angle of yaw and negative angle of roll. The first of those in-
creases the apparent drag, while the second dirriiniih&lFii, as i~ almost always the case, the spin-
dle is attached to the rear of the line of action of the fo~ce on tho model. The two therefore tend
to counterbalance each other, and it should be possible, by the exerci~e of proper care in attach-
ing the spindle to align it correctly and keep c as low a~ powible, to insure that the rmultant error
due to canting of the model will not-exceed i per cent. ‘I’he slipshod metho(Ls frequently used
for mounting aerofoils on their spindles must not be toleratefl:

(6) If the balance axis is not- exactly vertical when pitching moment+ are being ol)servd ‘“ -
the weight. of the balance itself, ass.u,fig thpt, its center of gravity does not lie exactly on the
line connecting the two pivots, and the weight placed: on the icale pan:” tb reduce the lateral
pressure on the lower pivot have moments about the axis of rotation of the balance. The
moments due to the attached weights are much larger than thtit due to the weight of the habmce
itself, as the length of the arm from which th~”weighti” ire susptided is far greater than &~ &- ‘“
tance from the axis to the center of gravity of the balance-

The balance axis will be assumed M be inclined to the veitic.al and t~} lie iq such ti phino
that the lift arm is horizontal. This is the worst case possible, since the. lift mm cmriw the
maximum load pnd a weight is always most effective in producing rotation about an inc.lined
wxie when a perpendicular lin e from the weight tb the jgclined tx~isis-perpendicular to the verti-
cal plane in which the inclined axis lies.

.

If the balance a.xi.. is inclined f~m the vertical by a small angle o the moment about that
axis of the weight on the lift arm is w, x Zx 8. “Tak@g as a rnuimurn figure for the Limgley
Field balance 20 kg. on the lift arm, since 1 is 68.5 cm, the moment due to the addition of this
weight is 1,370,0000 gm. cm. If the criterion of desiied.i~uracy m the measurement of moments, ‘” .- ~
be taken to be the determination of the location. of the”%ctor of resultant force within 0.5 mm.,
the error in the pitching moment under the conhtlon~~ust “specified must not exceed 600 gm. cm.
@must therefore be less tlwtn 0.000365 yadian or 0?02?!3. This degree of accuracy of rdignmcnt
can be secured without d@culty by making sucgessiv~ trials, .haiging-;veights on the lift and

.

drag arms (with no model in place and no wind) and taking readings of the moment about the
axis through the two pivots. The scale reading under these conditions should manifestly be
unaffected by the amount of weight hung on the arms..
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(6) If the modeI is not properly lined up with the wind direction before starting a teA, or,
what amounts to the same thing, if the reference line used for lining up fill models is not accurately
located, the only effect is to produce a constant. error in angle of attack, and so to shift the ~
characteristic curves resulting from the test bodily to the right or left, according to the direction
of the initial error. The maximum and minim~ values of coeflicierits and ratios are ent;ely
unaffected, as is the curve of lift coefficient against ..L/P. Although the accurate determination
of angle of attack is not of much interest in routine commercial testing (if a- designer can
obtain a curve of horsepower required against airspeed for his machine, he is ordinarily quite
satisfied without knowing the exact angle of attack corresponding to a given speed), it is of
great importance in such work as the determination of correction factom for aspect ratio, etc.;
where a slight uncertainty as to alignment may make it quite impossible to draw any consistent
conclusions from a set of tests. Provision ;hould therefore be made for lining up wings within “
0?05 whenever it becomes necessary to do so. This degree of accuracy can be secured, with
great care in sighting and with a batten carefully picked for its straightness, by the common
method of binding a batten to the face of the wing and sighting it against a Iine painted on the
floor of the tunnel, but it is more accurate and easier for the observer to use some optical method.

(7) A much more important source of error than the misalignment of the model is themis.
alignment of the balance with respect to the wind. In order that the lift and drag, acting per- ,
“pendicular and parallel to the wind, maybe measured directly the arms of the balance must them-
sehs be set exactly perpendicular ancl parallel to the wind direction. If they are not, the force
acting on the model will be resohd into components along some other awe than those desired ..

and a large error may be introduced in at least one of the components.
If the components of force perpendicular and paralIel to the wind direction be reprwented

by L and D, respectively, and if the balance be supposed to rotate as a whole about a vertical.
axis so that the drag arm makw the angle 6 with the wind direction, 8 being taken as positive
when the lift arm moves towards the orighd position of the drag arm, the lift and drag arms
remaining parallel to each other, the components of the resultant force along the two arms -millbe

L cos .e +.D sin e for the lift arm, and
LJcos f3–L sin e for the drag arm.

Multiplying yd dividing by appropriate factors, these become

F,=L cos e-(l +: tan e)

FD=D cos e (1 –j tan e)

Even with the utmost careksness in lininz up the balance, e

—.

should never asceed 10. Sinco
the ratio of lift to drag is at least three for ail o~jects on vrhic& accurate measurements of the lift
are desired, the error in L due to midignment should not, under any conditions, be greater than
0.6 per cent. This is an error by no means m@igible, but still not very important, inasmuch as
it reaches iti maximum only when the L/.Dis low (e. g., in the neighborhood of the burble point).
For wings and models of complete airplanes at angles in the region of high pficiency the error in
lift measurements arising from a misalignment of the arms by 10 is well within ~ per cent.

The error in drag is much more serious, particularly as it is largest at the point of maximum
efficiency, just where accurate measurements are most d-ired. For a good wing, hatig a
value of L/12of 18, the error in drag measurement when O is 1” is more than 30 per cent. E
the drag is to be measured accurately within one-fourth per cent, the balance must be lined
up with the drag arm parallel to the wind to within 0.008°. A similar relative accuracy of
measurement of the drag with models of complete airplanes, having a mAmmm L/D of 8,
requires an aIigument correct tithin 0.018°. Such accuracy as this is hardIy b be expected,
and errors in alignment of the balance arms are the largest single cause of error in the deter-
mination of the L/D at small angles; but a surprisingly close alignment (well within 0.05°)
can be secured and maintained by careful setting up of the instrument and constant checking.
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The method originally used in this country for aligning the balance arms witi.respect to
the wing in balances of the N, P. L. t~e required the use of a flat plate. This was tested at
several positive and negative angles, If the plate, the balance arms, and the wind direction
were all properly disposed with respect to each other, the lifts for equal positive and negative
angles should be equal in m&nitude but opposita in sign, and the drags should be equal, If
the first of these conditions was fultilled but the second was not, it indicated that the zero
angle of attack had been properly located, but that misalignment of the balance arms existed.
The flat-plate method was “unsatisfactory chiefly because of the low efficiency of such a surface.
It has just been shown that the error in drag meaeuremtinta caused by misalignment of the arms
is proportional to the L/D ratio. When the L/D rati~ k small, therefore, as it always is in a
flat plate, it is exceedingly diflicult to detect small errors in alignment, errors which may ncver-
thekss have an important effect on the measurementwf drag in a high-~ciency wing. Fur-
thermore, it is difficult ix-secure a plate which is and will remain truly flat. Inaccurscics of
surface too small to b.e detected .by any ordinary means of measurement may cause a distinct
difference between the lift-drag ratios at equrd positive and negative anglea. This difficulty
was overcome in part by repeating the work with the plate turned through lSOO about a
vertical axis. .

The method now adopted and first introduced by the N. P. L. several years ago substitutcq
a model aerofoil for the flat plate. The aerofoil is drilled and tapped for a spindle at each end, ‘
so that-it may be supported in au inverted as well as in the normal position, Tests me then
run in both positions and the L/D cur-vea compared. Since the lift in the inverted position
must be balanced by the removal of weight from the lift arm, it is usually necessary, in order
that angles up to 6° or 8° may be taken in this condition, that more weight be added to the
lift counterweight, thereby increasing the zero readini. This method permits of much .morh . .. .. .
accurate alignment than does the flat-plate method. Its only important drawback is that
the model has to be taken down and set up again between tests; but, as already pointd out,
the chords for zero angle of attack in the two positions can be set parallel within 0905 by
sighting along a batten, if care is exercised. The disadvantage is therefore n9t a serious one.

The use of an aerofoil in no~al and inverted posi~ions for checking up the alignment has
another advantage in that it points the way to eliminating the effect of spin in the air-stream.
The air drawn into the propeller has a tendency to follow a helical path of very large pitch-
radius ratio, so that the direction of the wind near the top “of the hnnel is slightly difhrent from
that near the bottom. If the direction of motion .chauges uniformly from top to bottom of the
tunnel, the force acting on a wing would be almost identical with that which would act if there
were no spin of the wind rmd if the direction of its motion were everphere the same as that
which actually presds .at the. cmter .qf.the span of the aerofoil The readings of’ the h-dance

in the two cases, howeverl would not be the same, since the moment aim about the pii”ot is
different for different elements of the .rnodel. For .&ample, consider two elemente of equal ~
area and at equal distances from the center of the span. The forces on the two elementi will
then be F+ AF and F– AF, where F is the force acting on m elementmf the same size located
at mid section, and the moment arms about the pivot will be h+ A h and h – A 7~. The momenti
for the two will then be

(F+A F) (7i+A h) and (F–A F’) (h-A h),

The mean of the forces on the two elements is, as already noted, equal to F, the force
which would exist everywhere if there were no spin. The mean of the moments is

and is therefore different from the moment of an equal area at the middle of the wing. If, how-
ever, the wing be aligned so that the.li& at ommaponding angles are equal in the normal and
inverted positions, the force read on the weighing a~ is the true one, and the effect of spin is
eliminated. When the wing is set at. zqro angle of attack after being fined up in this way, the

---- ?
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ohord is not exactly parallel-to the wind direction at mid span, but the readings of the weighing
arms are identical with those which would be obtained if there were no spin in the wind and
the chord were set parallel to the wind direction. The alignment found in this -way varies
slightly with the slope of the cm”ves of lift and drag coeflicienb; and it aIso requires, for accu-

s racy, that the form of the aerofofl section be exactly symmetrical from tip to tip. It is beat,
therefore, to carry through the work of alignment with two or three different models in suc-
cession and at several angles for each model. It is diflicult to determine the maximum pos-

sible error due to tialigmnent in any specific case, but it is probably not over 1 per cent
under the worst conditions when the balance is lined up carefully by this method.

(8} C1O*1Y ~lied to misal@ent of the model ~th r~wt h the tid, in that the primary
eflect of both is to cause an error in the determination of the angle of incidence, is the torsion of
the spindle. The total twist of the spindle is negligible when a straight spindle is used attached
directly to the end of an aerofoil, since the torsional moment is then very small. For example,
with a force of 20,000 gins. applied 1 cm. from the center of the spindle 23 cm. long and tapering
in diameter from 25.4 mm. to 14.3 mm., me that wed at Langley Field, the twist would be 1=
than 0905. There should never be any cMEcu.lty k keep~g the spindle within 1 cm. of the center
of pressure of the chord at the angle of maximum lift. Incomplete models, where it is not al-ways
possible to attach the spide at the desired point, other parts of the model interfering, and where
the point of application of the resultant force movm over a wider range than on a single aerofoiI, ——
this limit may sometimes be exceeded five or six times, so that the matium twist maybe 093 or ,
or a little more. This offers an ad&tional reason for so locating the spindle as h keep the pitch-
ing moment as small as possible. Even 0:3, however, is ordinarily of slight importance except
-where accurate checks on two or more successive tests with some alight variation in the condi-
tions are desired. As has already been pointed out, errors in mgle of incidence up to about a
quarter of a degree need rause no trouble in ordinary tests of complete models.

(9) The errors so far discussed have all arisen either fiwm such inescapable phenomena as
.-

the deilectionof the spindle or from improper mounting ~d alignment of the inetrumen t or model
Those which remain to be discussed are due to errors in the construction of the balance itself, and
may all be eliminated or reduced to insignificance by sufhciently accurate workmdp. The
analysis of the sources of these errors and of the magnitudes which they may assume is of value
primarily in that it indicatas the accuracy necessary in the comtruction and assembly of the
different parts. —.—

The first, and perhaps the most obvious, of the points at which errors arise from faihm to .
follow the designs with absolute exactitude is. the length of the weighing arms. Obviously, if

, the weighing arms,or either one of tiem, melongar than they metitided to be, a weight suspended
at the end of the long arm will balance a force at the center of the tunnel of more than half its
own magnitude. The error in the reading will be directly proportional to the departure from the
designed length. The permissible errorinmeasuremuthas so far been taken as one-fourth percent,
but this will be reduced, in the case of the constant inatuental errors+ to 0.1 percent from each
sounw. It is then permissible for the weighing arms to vary in kugth 0.1 percent in either direc-
tion, or, in the Langley Field balance, 0.68 mm. A skilled man shotid not have the dightest

difficulty in keeping the error down to one-fowth of this amount, ~d the accuracy sometimes
sought for in this particular is really quite needless.

The same consideration of course appfi- with regard to the distance from the pivot to the
center of the model, the permissible variation here beu Mce as great as that in the lengths of
the v7eighing arms. If there is an error in this distance, or if there is a common @rorin the lengths
of the two weighing arms! the leverage ratio Cm be restor~ to its proper value by modifying the
distance -which the spindle of the model is allowed to proj~t from the chuck which attaches it

- to the balance.
(10) bother diflicihy in connection titi the weigfig arms is their attachment exactly at

right angles to each other. If they are not so attached errors will be caused in the measurement

of the lift or drag, or both. The an~fic~ work ~volved ~ the determination of these errors
need not be followed through in detail’ in this report. If the arms are not at right angles the

—

.-
..
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alignment of the arms.in order that the lifts and drags may both be the sarne,at equal angles of an
aerof oil in the normal and inverted positions will be different for every different aerof oil used and
for every angle at which the tests for alignment are carried out. If, howe%, the alignment bo
supposed to have been carried out to satisfy the abo-re condition as accurately as possible for a
given model and angle of incideme there will still be an.qro.r in both. lift w:d @ag. The ratio of Q ., .
relative error between-the two components is proportional to the ratio of the slope of the coefli-”
cient curves to the ordinates of those cursws at the particular angle for which alignment was earried
out. At all angles between that of minimum drag and that of maximum lift the error in both
components is in the same direction, so that the erro.~ .jn .L/ZJ k less than that in either comp-
onent alone. The balance readings am farthest astray from the true valuea in measuring the
drag near the burble point, where a variation of 0~1 in the angle betweeu the arms may lead to
an error of nearly 2 per cent in the drag. This emor falls off rapidly at angles smaller than the

. .

burble point, and the mistake made in the determination of the forces at angles between 0° and
8°, the range which is of most hterest, would never be more than. 0.03 per cent for a departure
of O91 from a right angle between the arms. An acmuvwy of 0?3 in this angle is quite mflirient,
if the balance is lined up in the manner here deecribad, and if, in lining up, teata are made at
several angles lying between 2° and 8°, the mean result Jx&g t&en.

(11) If the strut and spring clamp which prevent the balance from rotating about a ver-
tical axis are not horizontal the force which they exert against the arm @l have u vertical
component and will change the amount of weight which must be placed on the lift arm to eecuro
equilibrium. If there is no pitching moment on the model the upward or downward compcinent
of the thrust of the strut against. the arm will be .exwt!ly balanced by an equal and oppositti
component of the pull of the clamp. If there is a pitching moment, however, one of them two _____ ____
forcw will be greater. than the either and. there will be m, u~b~wumd vertic~ cornpon~nt. _.~ ,., . . . . . .

suming the moment mm of the .resqltad. force ti$ll rmpect to the balance axis to be 4 cm., tho
moment ie approximately 4L, where L is the liit, This. mommt hw @ be balanced by tho
difference between the forces b, the s@t and spring clamp. If the vertical compommt of
this ditlerence is not to cause an error of more.than 0.1 per cent in the measurement-of L it must :.-.. . . .

be less than ~, and the elope of the strut must not be greater than
9

Lxh h
1,000 X4L-—4,000 . .. . .

For. the Langley Field balance this formula gives a limiting slope of 2°, ri limit which would
hardly be approached if any speci~ precautions were taken.

(12) If the strut and clamp are horizontal, but are above or below the main pivot, the
difference in the forces which they exert wiU have a momerit tending to modify the reading of
the drag arm. Since the distance between the pivot and the point at which the strut bears
against the lift counterweight arm is, in the Langley Field balance, 30.5 cm., the clifference in
the two opposing forces is, for q moment of 4L, -0; 13L gins. If t be the vertical distance from
the horizontal plane through the main pivot ta the point of co~tact of the strut-the momiint of
the unbalanced force is 0.13.L x t, and i~ existence changea the reading of drag by

... . .

o.13Lf— .,,.
h

This must be less than 0.1 per cent of.D. .Then. –. -. ..— .-—..._

{<&x; “ :

In the case of the La@ey Field balance, for an L
D of 16, thisleads to the conclusion that ~ must

not exeaed 0.07 cm.
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(13) The strut andspring qlampbear incaim.lso cketsop posed to each other. Both
sockets are cut in a single piece of tool steel, and a great deal of care has been used in some cases
to bring their apicas as close together as possible without. actudy having them break through
and meet. In some cases the bottoms of these sockets have been brought within 0.08 mm. of
each other. Theoretically the two should be at a common point, and any separation between
them introduces an error. The effect of a separation between the pivots of the strut and spring
clamp ti be analyzed first with regard to its effect on the mesquwments of lift and drag.

So long as the two sockets which carry the ends on the strut are on the same level the strut
and spring clamp lie in the same plane, whatever the separation may be. If they are not on
the same level, however, amd it has just been shown that the line connecting them may slope 2°
initially without serious effect, or H the bahmce rocks about the drag arm as an axis so that the
end of the lift counterweight arm risas and falls, the two pieces no Ionger lie in the same plane,
and the lines of action of their thrusts are no longer directly opposed. It will be supposed that
there is no pitching moment acting, this being the condition during the taking of the zero read-
ings, that the socket set in the end of the lift counterweight arm is initially as far above that
set in the moment weighing arm as ia safe (see (11)), and that the lift weighing arm is down as
far as the stops in its cage permit it to go, so that the counterweight arm is up and the vertical
distance betvr- the ends of the strut is as
iarge as it can ever be. The condition then
existing is shown, gmch exaggerated and
with the strut and spring ckunp represented
only by their center lines, in Figure 12. If 3’
be the compressh in the strut and also the
force exerted by the spring clamp against its
socket, the two being equal when there is no
pitching moment, the moment about the lift
arm due to the separation of the apices of the
sockets is equal to the product of F by the
distance between the lines of action of the

I--4e

Fmum M

two membem at the point half-way between the apices of the sockek in the lift counterweight
arm. Since A a is negligible in comparison with a, this distance is c x sin a, and the moment is

Fx6xsina

The moment required ta change the weight on the drag arm by 0.1 per cent is

where h, as before, ia
these two moments,

Dxh
1,000
.

the distance from the main pivot

.—

ta the center of the model, Equating

Dxh
6=l,ooox Fxsina ‘ ‘“

In the particular ~ase of the Langley Field balance h is 137 cm., the maximum likely to be at-
tained by a is 3°, and the maximum of Fis 8 kg., a maximum which would not be needed except
at high wind speeds. Normally, the spring clamp would be adjusted for a smaller form unless the
lift were at least 15 kg. D may then be assumed to be 1 kg. Substituting these figures in the
formula above, ‘

—.

—

1,000 x 137
‘m 1,000 x8,000X U.0523 ‘0”328 cm”
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The separation between the apices of the pivot so’cketa dso ~as an effect on the measurement
of lift. The horizontal components of the forcain the strut and. spring clamp am, m already
noted, exactly equal rmcl directly opposed, but the vertical components cliffw because of the
slight (difference in slope. This difhence in slope is ACY, Since a is smnll, tl:o differcnm in
verticrd components is wwy nrmrly equal b ~X Aa, md this is-approximately

where s is the length of the strut.

If the socket at the end of the lift counterweight arm is a} a distance (a) from the main
pivot, the force corresponding to the moment about the main pivot resulting from this un-
balanced vertical force is

1-

Equating this to ~--&, the allowablo error, it is ~en..tb,at the limiting value for c is: -.9
Lx8xh

‘=i,oooxaxsincix~ ““ —.,-. —

In the Langley Field, balance a is 30.5 cm, s is 5.9 cm., and F should never excmd ~ L. “Then

LX5.9X137
‘=1 .000 x 30.5x 0.0523”X J’iz

==1.01cm.

●

It is evident that the first case, relating to the error in drag, is the limiting onq and it is also
apparent that it is useless spending much time in attempting to bring t.ho apices of the sockots
within a fraction of millimeter of each other, p they. approach within 3 mm. in a balance of
the type and size of that buikby the advisory committae the errors resulting from tho sepa-
ration will be negligible, at least so fm as lift and drag are concwned.

It has been assued’ thus far that there is a separation between the apices of tho sockota
at one end only, and that the distance between the ‘opposita ends of the strut and spring “clamp
is negligible. If th@ is mot the csse, there being an equal separation at both ends, the error in
drag is not affected, while that in lift is doubIwl. The-drag, however, still remaiti tho limiting
factor and the permissible separation therefoie is not. altered.

In measuring pitching moments the separation of the pivots causes an error similar to that
arising in the drag from the same reason. If the-soc.ki’ti it the–6ri”&”of the strut aro on exactly
the same level there is no error. In order that the e~or with the strut inclined 2° may not be
over 250 gm. cm. when the lift is 10 kg. the separation of the pivote must be less-than 0.365
cm. The drag, therefore, still furnishes the limi$ing case.

(14) ‘I’he upper balance head is restrained laterally by a flange which projects clown from
the upper head into the lower one, and also by the t~buhr portion of the clamping ring. If
the centers of these guiding rings are not exactly coincident with the lim connecting tho main
and lower pivots, or if the surface of contact between the upper and lower parts of tho balance
is not perpendicular to the line joining the pivots, the center about which the model rotates
when taking moments will not be correctly determined by the usual method. Since an error

in the’ location of the center of rotation corresponds to an error of like absoluh m~litudo k
the position of, the, vector. or wmtsr. of, pressure in the model, the standards of wxmrac~ ivhich
have been adopted require that this error shall not exceed 0.2 mm. In the Langley Fkld
balance, the securing of this degree of .a~uracy exacta that the Iine co~ecting the pivots shall
be perpendicular to the surface of Reparation between the heads within 0?009. A movement,
of the lower pivot through 0.12 mm., due to bendhg of the lower tube, will throw the line con-
n~cting the pivots out by this angle, and it is therefore necessary that the lower tubo be straigh+
ened and adjusted with great care, and thtd, the perpendicularity of the line and surface defined
above be checked frequently.
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(15) Analogoti to the error just discus~ed is that resulting from lateral play betmeen the
upper and lower heads of the balance, which changes the axis of rotation of the upper head
relative to the line connecting the pivots. This lateral play, however, has another bad effect

in that it moves the center of gravity of the upper head and so changes the amount of weight
required on the weighing arms for the zero reading. If the upper head movtw after the taking

of the zero and before that with the wind on is secured there will be a resulting error

,x~,
h

where c is the lateral mo~ement and W’ is tho weight of the upper head with all the parts
directly attached to it. With a model of average weight,. W for the advisory committee’s
bslanc~ is about 6 kg. In order that
may not be more than 0.5 gm. c must
not exceed 0.11 mm., and the clear-
ance between the annular flange and
tho cylindrical portion of the lower
head into which it fits should be kept
below this figure.

ERRORS IN THE VERTICAL-FORCE
MEASUREMENTS.

There are certain errors in this part
of the balance which are obvious and
are strictly analogous to those already
considered for lift and drag measur~
ments. h error in the length of the
V. F. weighing arm, for example, has
just the same effect as has a corre-
sponding slip on the weighing arms for
lift and drag. The knife-edge on the
1’. F. arm must be located with some
care, as one arm of the beam (the one
extending from the Imife-edge through
the bahnce wall to the center) is very
short and only a small absolute error
(about 0.1 mm.) is permissible. It

the error in drag due to the slippage of the upper head -.-.

●

FIGUEE la,

is, however, e=y to c-tibrate the V. F. arm with dead weight, and to adjust the knife-edges
in accordance with the calibration.

The most serious fault to which the V. F. measurements” are liable arises from the inclina-
tion to the horizontal of the link which is fastened to the wall of the balance and which carries
the socket for the lower end of the long vertical rod. If the strut which runs vertically from
that link to the inner end of the ~!’. F. weigh&g arm is too long or too short the link WN not be
horizontal, and any force in it will have a vertical component causing an error in the measWe-
ment of the vertical force. The method of determining whether or not this error exists has
been described elsewhere,’ and it @ snflice here to determine the magnitude of the error
residting from a given departure from the carect lengt,h of strut or, conversely, the accuracY
with which the strut must be made to keep the error within a given tolerance.

—.—
—.

1~pOlt OCBtitkh Advisory 00IIuMW fmAwnsntfosj 191M& p. W London.
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vertical force mechanism is shown diagrammatically in Fig. 13.
Taking momw& about the rollers at (?, at which point the force agains[the rod must ho exactly
hotizo%d if the friction in the rollers” be neglec~ed, the force at-P is soon to be

. .
.-

~x~~,, . . ... . . -..
The. vertical compommt of this force is

Dx&x T

Since this is subtracted from the vertical force acting on tho model it iucrmsos t.ho apparent

magnitude of the” force. In order that the error iu lift from this caueo may not exceed 0.1 pm
cent the slope of the link must be less than ‘

L
In tlm case of the balance at Langley Field, if the miniumrn ~ bo taken as 5, 7 must Lo.loss

than 0?75, and this requires that the length of the ,strut be correo~ within 1 mm. Hmwj as in
many others among the sources of error examined, the tolerance in dimensions is much largw
than would be expected at first.

. .-—-
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PART IV. . ,“

BRIEF NOTES ON BALANCES OF OTHER TYPE&j,

In discussing other types of balances, no attempt will be made to carry though any such
exhaustive analyeis of sources of error as has been demdoped for the N. P. L: instrument. The
endeavor mill be rather to show the reasons which led to the rejection of these other types in
favor of the one tidy adopted for emstruction and use at Langley Field.

(1) EIFFEL.
.-

The principle of operation of the Eiflel balance is fully explained in his two books.’ The
essential parts of the instrument are showm diagrammatically in Fig. 14. Three readings
tie taken at each angle of incidence, deter-
mining the moments about axes A, B, and 0.
From these three values cti be computed
the magnitude and line of action of the re-
sultant force on the modeI. In the actual
iustfient used at the Eiffel laboratories
only two axes are used, O being omitted, and
the moment about A is taken both with the
model in the normal position and with the
model inverted. The moments about A in
the normal and inverted positions, respec-
tively, d be denoted by itfA and iif.’, the
moment about ~ by MB.

H the force acting on the model be re-
solved into its components L and D, acting
at the point showm in the diamgram, and the FIQmE 14.

pitchi& moment M, the equations for moments about the three axes can be Writtm, assuming
the model to be set up with the origin of its axes directly under A,

~. =((zX@–~

3L’=((ZXD)+M
M, =(a+u)xD-(bxL)-M

..—

Solving these equations, the formulae for L, D, and M can be secured. ‘

2424-C—.. ,,
~_–MB+(MA’&)+(~A)( * . .. . . .

b

~=~A+~A’ ,

‘2a

~ M.’ –MA .
2

Ordinarily A& is negative, J& and -M.’ positive. L and D are therefore obtained by summa-
tions, Jf by a subtraction.

IRecherehsesur la Bwfstance de I)Air et l’Atitf@ & Em Pa@ 1911. NorIveHes Rwherehes w la Reefstauce de llAII et I’Avtatfcq
b Q.Eif!el,Psr41914, . .

!?6
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Since the three moments are taken at di.flerent times the errors which appear in any two

of the three due to variations -h wind speed may be in the same or in opposite directions, and

the worst of thwe conditions must be assumqd in coiuputing the maximum error which can
enter into the computed quantities. The maximum &ror to be expected in any single meas-
urement is approximatdy proportional to the magnitude of the measurement unless this is
very smaU, as most of the error is caused, by fluctuations in wind sped or by inaccuracies in
its measurement. L and D are the results of summations, and the maximum percentage
error in these forces therefore can not exceed the maximum percentage error in tho factors
from which they are determined. There should be no .~ffi~ty in keeping th~,below ~ per cant,
The only restriction that must be observed in order not to impair the accuracy of n~easuroment-
of L and D is that the distance b must be large enough so that MB will never bowme positive,
or even approach very near to zero, under any ordhary conditions. This rQquirarnent will
be satisfied if b is one-half as large as a. In Eifl~s balance b appears to be unnecasmrily large,
being approximately equal to a.

The errors arising in the computation of pitching moment are likely to be more serious,
since that quantity is the difference of two moments. The error which is of interest here is
absolute and not dative, a mistake of 10 gm. cm. in a given model being quite as serious if
the total moment is 10,000 gm. cm. as it is if the spindle is so placed as to reduco the moment
to 100 gm. CM,, since it is the line of action of the resultant force which has to be determined
with the greatest possible accuracy, and the shifting of this line by an error in dotmmination
of the pitching moment is proportional to the absolute Wagnitude of that error and invendy
proportional to the resultant force on the model, but is entirely independent of the point laken
as an origin, the location of this point being the chief factor determining tho magnitude of
the pitching moment.

The maximum absolute error m the computed pitching moment is

—

*~=(6X.@A)+(8X=’)=*xaxD
2

where 6 is the maximum proportional error in a singla measurement.
The error in the location of the resultant force is then nearly

In the balance used at EifkJ’s laboratory, cc is approximately 10 timss tho chord of the
models usually tested. Then, if 7 is the chord,

1(MX1

AX=~”
D“

-.

Taking L/D as 16 for wings, ~d 8 as 1/200, a possible error Qf a littlo more than 3 percent
of the chord in locating the center of pressure is indicated. For cornpleto models, having a
maximum L/D of 8, the error in locating the v6ctor–of resultant force may be as much as 6 -- “- .-
per cent of the chord. For angles of attack other than those of maximum L/D tho possible
error is still greater. This large error is inhererit in the Ei&l type of balance, and no modi-
fication of the dimensions cm remove it. It can be somewhat reduced by reducing a, but

steps in this direction are limited by the necessity if keeping the weighing beam and main
supporting frame of the balance out of the motigg .@; a must, therefore, be at-least half the
diameter of the wind-stream.

. . ..

This discussion has so far been based on the assumption that= the moments about the
various axes are npt tdeoted by any errors in the btrument itsdf. Actually, hawaver, the
spindle is quite as subject to deflection as in an N. P. L. balance. Since the bending moment . -.
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in the spindle at any particular point is not the same when the model is in the normal position
as when it is held inverted at the same angle, the defection wilI not be the same in the two
cases. The moment about A in each position therefore includes a term proportiomd to the
lift, and this term is diflerent in the two positions. The failure ta take account of the deflec-
tion of the model leads to errors in the computation of both forces and the pitching moment.
The unequal deflections of the weighing arm when taking the two moments lead to an error
of the same nature. The error in the drag from this cause maybe as much as 3 per cent with .
a spindle of normal size, and the percentage error increases as the wind speed increases. If
the spindle is enlarged tm cut down the deflection it becomes a. matter of great difficulty to
allow for the increased spin~e interference.

Furthermore, the drag of the model is mot the same in the normal and inverted positions,
because the eflective drag of the spindle, due largely to interference, is quite different when it
is attached on the upper surface of the wing from that when the spindle is mounted on the-
lower surface. This causes a further error in computing the pitching moment.

~Nodetailed discussion of the errors arising in the Eiffel type of balance til be undertaken.
Its chief disadvantages, in addition h the inherent inaccuracies already noted, are the time re-
quired for taking all the readings and working up the results therefrom, its great weight (the
moving park” of- &e balance at- Eiffel’s labora-
tory weigh 50 kg., although it is never required
to measure forces in excess of 10 kg.), and its lack
of sensitivity, discqsed in the next paragraph.
Its only important ad’rantagea reside in the
elimination of all pivots in favor of knife-edges
and in the avoidance of serious errors due to
failure to line the balance up to the wind accu-
rately. If the =ss about which moments are
taken are not exactly perpendicdar to the wind
direction it is a matter of small import.

Thesensitivityof theliliilel balance is rather
low, as the main portion of the instrument is
supported on” a pair of knife-edges, and these
knife-edges are at the extreme top of the floah
ing member. The center of grayity of this main

beam is, judging from the drawings, about 35 cm.

below the knife-edges, and there is consequently

a large restoring moment due to the weight of

the hstrument when the beam is moved from

-r”
I

~ h
f f“

N

‘=
FmJm M.

the central position. The lack of sensitivity

due to this cause could be balanced by placing the center of ‘&avity of the Weighkw-beam w~
above the knife-edgm on which it is SUpported, so that this ‘memb-er alone wo;ld ~e unstable,

but *his does not appear to have been done in the instrument used by Eiffel. No dash pot is
incorporated, and it is therefore n-my h secure a good degree of stability of the beam in
order that it may not make continuous violent oscillations between the stops.

(2) TKE ST. CYR. BAUNCE.

The balance used in the tunnd of the Institut Aemtachnique de St. C&r is quite d$!ferent
from any of the older and better-known types, and it embodies many original and interesting
features. ‘J%e general arrangement is shown in Fig. 15. A-BCD and EIWH are articulated .
par811eIograms. BGOH is a rigid square frame.

The lift on the model causes the padklograms EFQE and MWll to rise, and C!N pivots
about D. The upward movement of O iS ~t:~d bough the links CDiV and Nv, and
raises the outar end of the WSQ@ beam u~J. weight is died at J until this tmdency to
rise is biiancad.

.
.
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In measuring the &g the wing moves hcmizontrdly, GH acb as the fixed link, FGK
pivots about G, and the drag “k measured by weights at K.

Since ,AD is Iixedin the frame of the balance, AITgnd B(2 always remain vertical, EF and
(7H horkiontal. The model, therefore, moves parallel to itself, and the angle of attack never

changes, nor do its s&ht movement$ c.auee it. to assume any angle of roll or yaw. In this
respect the St. Cyr balance has the advantage over thejN. P. L. instrunient.

. The two measurements can not be entir~y. independent, as the weight uttached at K
exerts a direct downward force as well as a moment about G, and the lift is therefore greater”
than that read at J. Since the Iift is the sum of two figures, the error is no greate~ than it would
be if the lift were obtained by a single measurement..

Adjustable weights are carried on prolongations of EH and FG below the lower pivots,
and these serve to adjust the position of the center of gmvity and c.ontrol the sensitivity with.
models of dHerent weights.

All pivota are eliminated in thisbalance, knife-edges or ball-hearings be@ used at al joints. ““”
This, and the uniformly parallel motion of the model, are the greatest advantages of tho St. -” -““
Cyr type of balances, There is an objectionably large number of joints, 11 in all, as against the “

single pivot and the. two univenml joints provided by the strut and spring clamp in the N. P. L.
instrument. The St. Cyr balance escapes some of the errors. to wh!ch the simpler type is
subject. As in the Eiflel baIance, the alignment. of the plane of the linkage with respect ta the
wind is not important. The force balanced by the weights at K is that perpendicular to the
links EH and FG, ahd these links must therefore b~very clcy.sly perpendicular @ the wind
direction when the weighing arm is in its neutral position. The departure from perpendicu-
larity should not exceed 0“.05 under a~y conditions, and, since deflection either of FG or G K
prevents this condition from being observed, &ose arpw must be extremely sti. Lf aliggmcmt
is to be preserved within 0°.05, and if the deflg~tion length ratio for FG and (7K is the same,

.
-..

the deflection of each must-be Jeas @an 1/2300 of its lwn&. ~~~~“” . ‘
..=*. .*=

To measure pitching momenta, a pin is inserted at E locking the two p&Uelograms tigether ‘“- “--
and maintaining each of them in rectanguhtr form. The model and the parallelogram EFGH
then rotate about A, In order that .thia motion may be free it is necessary that the link CD
be disconnected either at C or at D as, if this were not. done, 0 would also rotate about A and,
D being fixed, the length of the link CD would have to change in order to permit of any motion.
It is not clear from the drawings what provision, if any, is made for such disartic.ulation, The
moment- about A being balanced by hanging weight on’ at K, the perpendicular distance from
A to the force vector can be computed and, its slope icing known from the force measurements,
the vector is fully defied as to length and line of action.

It is thus necessary to make two runs ~;ith this balance, just as with the h’. P. T.. i@ru-
ment, for a complete determination of the forces and moment acting on a symmetrical abjeot.

A number of otherdevices are incorporated in the balance for increasing the ease of reading
and decreasing the work of computation involved. For example, there are a pair of small
hydraulic dynamometers which permit the direct m.e.asurement of forces without. the _yse of
any weights at all. Special means are also provided for eliminating the zero reading on both
weighing arms and for taking care of negative lif@, as_we41as for balancing the lifti due to the
lowered static pressure inside the tunnel;. on the flanged ri~ which dips into the oil seal.

(3) CTJR’MSS.

The balance designed by Dr. A. F. Zahm for the 4-foot tunnel of the Curtiss Engineering
, Corporation is similar to the N. P. L. type in general, but difEere from it in that the @.ngle pivot

is replaced by two sets of knife-edges at right angles fi “each other, The lift and drag are thw
measured on separate runs. The knife-edges are carried at the extreme ends of the weighing
arms, so that there is no possibility of one knife-edge being lifted from its socket by the traisveme
force on the modal unless .I.helift is nearly equal to the total weight of the balance.

~ The use of two independent sets of knife-edges makes it possible, if desired,. to secure dif-
ferent degrees of sensitivity in lift and drag. A much higher degree of absolute sensitivity is
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usuaUy necw.sary in drag than ih lift, and some stability in respect of the lift nieastiements. is -
useful, especially at large anglgs where the lift arm tends to oscillate violently.

It was shown in Part II that the synchronism of the movements of the model in two planes
affects the sensitivity in lift, tlm lift being modified by the angle of yaw which the model assumes
when the drag beam movee from its neutral position. This effeot obviously does not appear in”
the C!urtiss balance, where the messurementi of lift and drag are taken at diflerent times:

In respect of most of the errors discussed in Part HI, and of the accuracy necesemy in the
sliding of various parts, the Ckxtiss balance stands on exactly the same foot’ing as doss the
N. P. L. type. The balance carried on two widely separated knife-edges obviously needs no
strut and spring clamp to prevent rotation about a vertical axis, ad the elimination of theqe
members, together with the natural superiority of a knife-edge over a pivot makes the fri&ion
in the Curtiss bakrme materially smaller than that in the single-pivot type: The only impor~a-nt
counterbalancing disadvantage is the time required to make two separate runs.

Pit&ing moments are measured by an entirely sslf-oontained detice, making no contact
with the frame. The model is carried on a rod which passes down through the hollow upper
portion of the. balance. The lower end of the iod is pointed and rests in a conical socket. This
rod has attached to it a horizontal bar which projeots though a hole in the wall of the balance,
and which bears against the end of the vertical arm of a bell crank, on the horbontal arm of
which weight is hung to balance the pitching moments. The moment guide am. is carried by
the upper part of the balance proper, which tierefom never makes my contact with we balance
frame except through the knife-edges. This method of mesauring moments is essentially
simikw in principle to that used at La@ey Meld, hm the s-e mefiti, md is subject b the
same criticisms.

(4) WRIGHT.

In the balance designed by Mr. Orvfi Wrwt, and used b hk tid tunnel at Dayton, the
L)D ratio can be found directly by measuring the slope of the vector. The model is carried by

. one side of an articulakd pareJ1eloWa@ the opptite tide of wtich h fixed relative to the
tunnel. The model therefore mows pma~e~ to is~, ~d tabs UP a @tion such that the two
free sides of the parallelogram am parallel to the vector (if the plane of the linkage is vertical,
the vertical links mqst, of course, be prolonged and counterweighted, the counterweights being

adjusted so that, with the model ti plain ud no ad on~ the lfi%e al mmak in any position
in which it is set).

The major disadvrmt~ of thk s~tim is &e fiutenw of the a%les which must be
memured. If an L/D of 16 is to be determined with an error not h excess of 1 per cent, the

slope of the -rector mwt be read off ~omeot MM O?036. Ttis corresponds to a distarm of
0.16 mm. at the tip of a pointer 25 m. long. The dii%culty of reading angles as cIosely as this
mukt always be considerable, even if the pointer remains perfectly steady. With care, however,
the flexible linkage method is capable of giving very accurate results.

When the lift and drag are b be mewed SCPmatSIY tie% for’~ me bahumsd against the
drag on a wire screen. The foroe is read directly from the position of a pohter on a scale,
and no such adjustments are necessary as had to be made in the Manchester and Dines bal-
ances (see Part II).

This balance is emy md quick to we, alfiough it reqfies two w b secure the lift and
drag. It is hardly to be expected, however, that it Cm give the ~ccmLOY attainable by other
methods. If the same screen is used as standmd tioughout a s@e kt for wing drag, the
maximum force h be memured ~ be mom ~m 10 tim~ M la%e ss the mtium, sad the
inclination of the scre.m must accordingly vary through nearly 90°. The determination of the
smalIest force to within 1 per oent would necessitate the divhion of the scale into 1,000 parts,

and the readhg of ~fiio~ so tie m tJMW wo~d be exceedkly dfictit, especiauy as the
pointer is certain to move sIightly, pulsations in velocity of the wind not affecting the wing and
the screen at the same time.

-.

—.
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The linkage on a tunnel of this type maybe placed either inside or outside the tunnel. In
the first case the linkage interferes seriously with the flow around the model, In the second case
the force on the mode], acting out of the plane of the linkage, produces torsion in the Iinlci and
greatly augmenta the friction at the joints.

Great care is necessary. in alignjngthe ~inkage ~th &e wind, the errors due to a fraction of
a degree of misaligrmwnt being as serious as in the N. p~”~b~~ance. !l!here aiw nine joints w“hich

.. ..- .. .. ...

8 come into play in the Wright balance “when it ii Wi”iTYtii w“iisiii~” the m“rnponenh” of force
separately. The conclusion is that, for accurate work, this balqce is probably inferior to sev-

eral other types, but that it would be very ccmvenient fctt sewing comparative resulti in a hurry,
particularly if the wind velocity were subject to fluctuations which would make it difficult to
balance the-fluctuating air resistance against- fixed weights in the usual way, The Wright
balance is more accurate and satisfactory for messure~ents of L/D’ than for either force alone.

o
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